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ABSTRACT
There are present employments o f WDM systems with 40 Gb/s channel data rates, 
however ten years ago intensity modulated 1 OGb/s channel rate (IM/DD) deployment was the 
prominent modulation format in installed capacities. The present commercial 40 Gb/s systems 
employment phase modulation formats in the available 50GHz grid spacing, through Partial 
DPSK (PDPSK) and DQPSK modulation formats. 100 Gb/s data rate deployments will 
readily be available in the nearest future, the choice modulation format to implement 100 
Gb/s is Coherent QPSK via polarization multiplexing and digital signal processing.
This thesis presents the investigation of the performances o f different phase modulation 
formats specifically in response to tight optical filtering appropriate to a 50 GHz grid channel 
separation with different strategies for compensating the inherent fibre impairment. The 
major contribution o f this research is focussed on offset filtering strategy mainly at the 
receiver end o f optical transmissions systems. Thus the impact o f offset filtering on 42.7Gb/s 
DPSK, DQPSK, PSK and coherent QPSK in tightly filtered regime are comprehensively 
examined, results here show that performance penalty reductions inherent via the correlative 
coding formats that evolve from offset filtering o f different phase modulated formats. These 
correlative coding formats that arises could be optimally exploited to realise >100 Gb/s data 
rate within a 50GHz grid channel spacing via polarization multiplexing o f DPSK and PSK.
The impact of offset filtering on 42.7 Gb/s DPSK system is examined in a strongly 
filtered regime and performance improvement o f ~ldB  in calculated Q value was achieved 
over the symmetric filtered case for an OSNR of 15dB. Thus with additional optimization 
strategy based on the evolved spectral shaping at the constructive and destructive port o f the 
MZI due to offset filtering, a 2.2 dB improvement was achieved over the symmetric filtered 
case. These offset filtering results show significant improvements over the symmetric filtered 
case, but PDPSK still out-performs this novel offset filtering design by ~0.8dB for the same 
OSNR. However by further exploiting the beneficial spectral shaping at the outputs o f the 
MZI, PDPSK was also employed in conjunction with the novel offset filtering design to 
achieve a record 1.5dB improved performance over a conventional PDPSK deployment in a 
strongly filtered regime for an OSNR of 20dB.
The impact of offset filtering on a strongly filtered coherent homodyne PSK system is 
also comprehensively investigated and the performance improvement inherent over the 
conventional filtered case was around 5dB in calculated Q for an OSNR of 16dB.
The impacts o f strongly filtered DQPSK/coherent-QPSK systems were also investigated
and the performance improvement o f ~2.5dB was evident for QPSK over DQPSK systems; 
despite the inherent tolerance o f DQPSK systems to narrow optical filtering. Also the 
performance penalty inherent with offset filtering was confirmed; however via the novel 
design introduced for DPSK receivers’ significant performance penalty reductions o f about 
2dB was achieved with asymmetric filtering o f DQPSK systems. Furthermore the 
considerations o f ultra narrow filtering impact on DQPSK systems is also presented via offset 
filtering and the results shows a 100% performance recovery for half the filter bandwidth 
offsets.
The impact o f offset filtering on strongly filtered advanced modulation systems, for 
future optical communications is also discussed in this thesis.
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Chapter 1
“Voracious Bandwidth Demand”
The present day demand for data (Internet Protocol) around the world is ever 
increasing at rates unprecedented, e.g. data traffic from YouTube, Skype, Twitter, 
Facebook etc has made the Internet much more o f a global commodity than a service. The 
popularity and daily consumption o f  Internet services and applications has made Internet 
based services one o f  the most profitable global ventures. The Facebook establishment is 
estimated at around 50billion dollars worth with 750 million active users sharing about 4 
billion files per day.
This demand just gives a tip o f the iceberg in terms o f overall world data consumption. 
Optical communications is the main source o f this seemly infinite bandwidth. The 
bandwidth over which data can be transmitted in optical communication (from Ordinary 
band (O-band 1260-1360) to Ultra-long band (U-band 1625-1675) is over 50THz 
bandwidth. But the trend in demand for optical communications will still increase, in fact 
there are predictions o f EXAFLOODS' in the nearest future.
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Fig 1.1: Global Internet traffic per month [ 1 ].
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Figure 1.1 above shows the estimated Internet usage by the year 2015 [1], the 
monthly increase in consumption o f Internet (trend) is expected to continue. These create a 
great challenge in terms o f anticipated bandwidth supply by the service providers. The 
present 40 Gb/s data-rate employments is only adequate for a limited period and the 
proposed 100 Gb/s data rate via coherent QPSK will likely be exhausted before the end o f 
the decade. Thus the need for intensified investigations to exceed the future global 
bandwidth demands.
The growth and progress in optical communications today could hardly have been 
envisaged centuries ago (405 BC), when the Greeks used heliographs for signalling in 
battles (this can be attributed to the genesis of optical communications), to the use o f fire 
on mountains by Africans to communicate from one location to another, use of semaphore 
lines in 1790 AD [2] and signal lamps by mariners in Europe in 19th century. In 1830, 
Samuel Morse invented the telegraph. This invention used coded messages transmitted by 
electrical pulses over copper wire. The process o f matching words to electrical impulses 
was called Morse code keying technique [3]. In 1876 Alexander Graham Bell went further 
by showing that voice can be converted to electrical signal and transmitted over copper 
wire. The main limitation was that the connection could only be between two parties.
The invention o f the switchboard made Bell’s telephone invention more accessible 
and appreciated [2]. In 1940 coaxial cables replaced the wire pairs. Coaxial cables 
operated at 3MHz and were capable o f operating 300 voice channels or 1 television 
channel. This system also had its demerits due to frequency dependent relationship that 
exist with the losses o f the cable. The cable losses increased rapidly as the frequency went 
above 10MHz.
The introduction o f microwave reduced the bandwidth problems o f the coaxial 
system in 1948. But despite its advantages over coaxial system (extended carrier frequency 
to about 4GHz, bit-rates of about lOOMb/s) it soon became outpaced by the demand to 
transmit at faster data-rates. Thus research had to continue to find a better medium for 
telecommunications. The repeater spacing requirements o f the microwave was ~lkm , 
which was very costly, the losses o f the medium was also an issue and the frequency 
limitations o f microwave had to be combated.
These researches lead to the optical fibre as the successor, due to the optical fibre’s 
inherent properties. After the invention o f the laser in the 1960s, its attribute o f providing 
coherent light sources with ability to modulate at high frequency (10,000 times greater 
than radio frequency capabilities) made optical communication very attractive [2]. In 1966,
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joint research by Charles Kao and George Hockham proposed the use of fibre optics for 
long-distance communications. By 1970 Coming Glass Company produced the first set of 
low-loss fibres. These revolutionized the optic fibre in telecommunications [4]. There have 
been a lot o f developments since the invention of the optical fibre, which was catalysed by 
the advancements in laser developments. These developments can be categorised into six 
major generations, which are detailed below.
First generation photonic networks utilized LED (Light emitting diodes) on 
Multimode fibres for about 10 km at 50Mb/s to lOOMb/s data rates. The first generation 
operated on a wavelength ~850nm. The 850nm range was attractive around 1980 due to 
the use o f low cost silicon detectors at the receiving end. The 850nm fibre offered better 
performance over coaxial cable in terms o f data-rate and bandwidth limitation.
The second generation photonic networks (early 1980s) used multi longitudinal 
mode lasers on 1300nm wavelength because o f its low dispersion and less than 1 dB/km 
loss, initially on multimode fibre, using InGaAsP semi-conductors as lasers [5]. But the 
data-rate was limited to 1 OOMb/s due to modal dispersion. This prompted the introduction 
o f single mode fibres by 1981, 2 Gb/s data rates were possible with repeater spacing of 
about 44km, around 1987, and data rates o f about 1.7Gb/s became achievable with 50km 
repeater spacing.
The 3rd generation photonic networks operated at data rate o f 2.5 Gb/s utilising silica 
fibres at 1550 nm wavelength, due to the minimum loss o f the fibre at this wavelength. 
The chromatic dispersion at this wavelength constitutes a large impairment, thus 
development was delayed till single longitudinal mode lasers and dispersion shifted fibres 
(DSF) were developed. These developments and utilization o f dispersion shifted fibre 
with single mode fibre, made the deployment o f 10 Gb/s data rate possible over 100km. 
However impact of the DSF fibre was limited in long haul transmissions because the in the 
presence o f fibre nonlinearity some dispersion is desirable to reduce its (nonlinear effects) 
impacts.
Thus the introduction o f non zero dispersion shifted fibre (NZDSF). Another limiting 
condition was that the signal had to be electronically regenerated over 70 km.
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The 4th generation photonic networks introduced EDFA to amplify signals and thus 
became a landmark in photonic network evolution, because use o f wavelength division 
multiplexing with EDFA enabled thousands o f kilometres o f transmission to be possible 
without electronic regenerators. By 1996, 5 Gb/s data rate was transmitted on several 
different wavelengths over 11,300 km. but dispersion was still a limiting issue [2].
The 5th generation was based on extending the wavelength range o f WDM systems to 
S and L bands.
The present optical communication deployments are based on dense wavelength 
division multiplexing (DWDM) to achieve higher capacity for photonics network 
deployments via phase modulated formats. DWDM employs the simultaneous 
multiplexing o f at least 8 different wavelengths in the same optical fibre. The sole aim is 
to reduce cost by efficient deployment o f a combination o f technologies, improving system 
tolerance to dispersion, fibre nonlinearities, improving the quality o f  the transmission and 
with multi-channel transmissions.
The recent reintroduction o f  coherent detection, via QPSK systems (due to its 
improved tolerance to polarization mode dispersion) is expected to enable 100 Gb/s data 
rates in installed capacities in the nearest future. The ever increasing Internet usage 
coupled with increasing demand for online entertainment and social networking is severely 
consuming the available bandwidth, and soon lTb/s (super-channels) data rates might be 
realized via OFDM with coherent detection [7].
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1.1 The Motivation of the Research
The aim o f these researches is to investigate the tolerance o f 42.7 Gb/s optical phase 
modulated systems to tightly optical filtering regime (50 GHz grid) presented in a 50 GHz 
grid o f the already installed intensity modulated systems which are transported at a 10 
Gb/s data-rate. The investigation is implemented at the receiver by offset filtering o f the 
optical bandpass filter. The choice o f the optical bandpass filter in these investigations is a 
bandwidth that is representative o f the net-filtering bandwidth that is available in 50GHz 
grid.
The impact o f several concatenated optical filters inevitably results in narrow net 
optical filtering bandwidth at the receiver. Partial DPSK and differential quadrature phase 
shift keying formats have already been identified as main candidates for WDM 50 GHz 
grid deployments [8]. However there are several mitigations to the efficient deployment 
o f these modulation formats, ranging from polarization performance o f the MZI, limited 
electrical bandwidth for direct detection, OSNR penalties o f the higher order modulation 
formats and sensitivity o f the higher order modulation formats to laser detuning/filter 
frequency offsets.
Offset filtering in any modulation generally can enhance the spectral efficiency o f 
the particular modulation format. Also very importantly is the fact that in a tightly filtered 
regime even the intensity modulated formats (i.e. OOK) vestigial/single sideband filtering 
has been shown to offer better performance than the symmetric filtered case [9]. Thus it 
will be interesting to investigate the impact o f offset filtering on a 42.7 Gb/s DPSK/PSK 
system in a 50 GHz grid, based on the premise that the DPSK/PSK systems have better 
OSNR sensitivity and a better tolerance to nonlinear effects as compared to other higher 
order phase multi-level signalling.
Aside the impact o f offset filtering the physical nature o f the impact o f the balanced 
detection will also be examined so that the knowledge o f the spectral profile o f the 
constructive and destructive ports o f the DPSK demodulated signals can be used to 
improve the performance o f a 42.7 Gb/s DPSK in a 50GHz grid. The impact of offset 
filtering at the receiver for 42.7 Gb/s BPSK/DQPSK/QPSK will also be characterized in 
the presence o f  an ASE-limited regime and dispersive regime.
The motivation behind this work is to explore an alternative strategy to the band- 
limited strategy which has been deployed in conjunction with 42.7 Gb/s
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PDPSK/DQPSK/PSK/QPSK in a 50GHz grid. During this work, the optical transmission 
system at 40 Gb/s are modelled incorporating offset filtering at the receiver initially for a 
DPSK system and then extended to other phase modulated formats A novel receiver 
design is modelled based on the performance o f offset filtering in a strongly filtered DPSK 
environment, via the performance o f the two single ended detections. This concept is later 
extended to DQPSK, BPSK and QPSK modulation formats.
1.3 Objectives of thesis
The research presented in this thesis focuses on high-speed advanced phase 
modulated formats in a tightly optical filtered regime that might significantly impact the 
design o f long-haul transmission systems in the nearest future. The success o f the offset 
filtering o f the phase modulated formats being investigated here could in principle enhance 
100 Gb/s transmission systems with polarization multiplexing.
The success o f the strategy deployed with phase modulations could be measured in 
terms o f its tolerance to linear or nonlinear impairments, and most importantly the cost- 
effectiveness in deployment o f the different modulation in the already existing channel 
spacing in 10-Gb/s intensity modulation direct detection (IMDD) systems.
The feasibility o f phase modulated formats with this strategy in long-haul optical 
transmission is solely modelled with a strongly filtered 42.7 Gb/s DPSK system both with 
symmetric and asymmetric filtering, such that future work on other phase modulated 
formats could be reasonably envisaged.
1.4 Outline of thesis
This thesis is split into eight different chapters, which are as follows: Chapter 1 
provides an introduction to the evolution o f optical communications, motivation o f the 
investigations, objective o f thesis and thesis outline.
In Chapter 2 reviews o f different forms optical phase modulation/ demodulation are 
presented. The 50 GHz grid channel spacing is also described in this chapter with the 
major optical components modelled in the simulations, and the algorithm used for all the 
simulation work was also described with some relevant diagnostic tools.
In Chapter 3 offset filtering results o f strongly filtered 42.7 Gb/s DPSK system is 
presented, extensive examination o f the physical origin o f the performance trend is 
described, whilst also introducing a novelty in the receiver configuration that significantly 
improves the performance o f a narrow filtered DPSK system.
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Chapter 4 is focussed on offset filtering results o f 42.7 Gb/s DQPSK system, 
extensive comparison o f performance o f the DQPSK system with an equivalent DPSK 
system is also undertaken. Lastly a novel asymmetric filtered DQPSK system is described 
with performance comparison with the conventional DQPSK system presented.
In Chapter 5 the impact o f offset filtering on a strongly filtered 42.7 Gb/s BPSK 
system is modelled and the very exciting results are also presented. The impact of 
chromatic dispersion on a strongly filtered PSK system is modelled and presented, whilst 
also comparing the performance with an equivalent DPSK system.
In Chapter 6 the impact o f offset filtering on a strongly filtered 42.7 Gb/s QPSK 
system is modelled and the results are also presented. The impact o f chromatic dispersion 
on a strongly filtered QPSK system is modelled and presented, whilst also comparing the 
performance with an equivalent DQPSK system.
The Chapter 7, is based on the investigated results o f strongly filtered DPSK in long 
haul transmission and preliminary experimental results on the impact o f large filter offsets 
on a strongly filtered DPSK system. This is done to evaluate the impact of the offset 
filtered DPSK in a strongly filtered regime that is mostly presented in a linear regime, so 
as to envisage future work into the performance o f the other phase modulated formats in 
long haul transmission. Then a conclusion is provided on the different contribution of 
these investigations to improving the performance o f high speed phase modulated systems 
in tightly filtered regime.
The Chapter 8 is the conclusion and recommendations chapter on high speed phase 
modulated systems
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Chapter 2
Limitations of Phase Modulation Formats in a 50GHz Grid channel spacing.
2.1 Introduction.
In order to make a qualitative study and evaluation o f optical pulse propagation in a 
50GHz grid imposed channel spacing in an already installed optical communication systems, 
it is important to describe the main optical fiber impairments that will be examined within the 
context o f this investigations. The impact of fibre loss and chromatic dispersions impacts are 
the main optical communication impairments that would be investigated with different phase 
modulated formats in this research investigation. Fibre loss is occasioned by the attenuation 
coefficient o f the different fibre types, that results in transmit power reductions as a function 
o f the specific fibre attenuation. Thus the transmit power reductions can be adequately 
compensated by optical amplifiers. However an aftermath o f the power compensations o f the 
optical amplifier is a resulting amplified spontaneous emission (ASE) that inevitably 
degrades optical signal. Different signal formats are modeled in conjunction with the 
different variants o f phase modulated formats in a tightly filtered regime. Next the 
demodulation processes o f the different phase modulated formats are described in this 
chapter.
The 50GHz grid channel spacing is also described in details, while also describing the 
major optical components that are modeled in a back to back transmission. Lastly in this 
chapter the numerical model, justification for the choice o f the detection statistics are also 
made and different diagnostic tools that are used in these investigations are also introduced. 
Then the techniques that have been deployed in improving performance o f optical 
communications systems in the presence o f specific impairments in a tight filtering regime 
are also described. The main contribution o f these research investigations to optical 
communication is then introduced (offset filtering).
2.2 Optical Fibre Impairments
In this section the major effects that limit the effectiveness and performance of optical 
signals in optical fibres from source to reception are introduced. The major impairments are 
as follows, fibre loss (attenuation), chromatic Dispersion, fibre non-linearity and Polarization.
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2.2.1 Fibre loss (attenuation loss).
Fibre loss is a linear impairment that affects optical transmission in photonic 
networks adversely. Fibre loss can be described as the single most important impairment in 
optical communication, the effect of fibre loss is not only degrading to optical systems 
performance, but the impact o f compensating the effect o f fibre loss gives rise to another 
major limiting factor that is virtually inevitable in optical communications systems (ASE- 
noise). As a signal launched into an optical fibre at transmitter; the effect o f fibre loss starts to 
take place immediately. This is due to the fact that all fibre types that are available have 
their individual attenuation constant. Ranging from dispersion shifted fibre (DSF), dispersion 
compensating fibre (DCF), NZDSF to standard single mode fibre (SMF). Thus as an optical 
signal is transmitted with a given launch power at source into a fibre o f a given length, the 
amplitude o f the signal degrades as a function o f the fibre attenuation constant. The table 
below gives the exact attenuation constant for several optical fibre types.
Fibre
Types
Attenuation at 
1550 nm in (dB/km)
Core 
Area (pm2)
Dispersion at 
1550 nm 
ps/nm/km
SSMF 0.2 70 17
NZDSF 0.25 60 3
DSF 0.3 50 0
DCF 0.5 30 -100
Table 2.1: Showing attenuation coefficient and core area for different fibre types.
Thus attenuation coefficient can be defined using the power loss after 1km in dB/km.
PT = P0 exp(—aL) 2.0.1
Where a  is called attenuation constant or coefficient; P0 is the optical signal power at the 
input of a fibre o f length L; and PT is the transmitted power or output power. The 
relationship between a and a dB is as given below.
a dB =  - ^ l o g ^  = 4 .343a 2.0.2
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It is the usual practice to express loss o f optical fibres as adB. Loss is a prominent feature 
o f  all types o f fibre, the fibre loss o f  single mode fibre as a function o f signal wavelengths are 
as shown in the figure below:
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Fig 2.1 : M easured loss spectrum o f a single-m ode silica fiber. Dashed lines show the contributions from
Rayleigh scattering [ 1 ].
The plot above indicates that for a signal wavelength o f  around 1500nm, the loss 
accruable is 0.2dB/km which gives the best wavelength performance o f the single mode fibre. 
Another wavelength that would have been o f interest is the 1300nm wavelength due to its 0 
dispersion performance and bending loss, but the attenuation loss for this wavelength is 
around a factor o f  2 worse than 1550nm wavelength. However the bend loss for a 1300nm 
wavelength is lesser than at 1500nm wavelength.
Several factors contribute to loss profile o f  the optical fiber (SMF), absorption by 
hydroxyl ion (0H -), Rayleigh scattering and infra red electronic absorption [1]. The (0H -) 
absorption is caused by impurities (external factors), while Rayleigh scattering and infra red 
electronic absorption are due to intrinsic i.e physical properties o f the optical fiber material. 
The importance o f  1550nm also comes up by a coincidence o f nature that the simultaneous 
amplification o f signal wavelengths by EDFA is at its maximum gain and for about a 30nm 
bandwidth around 1550nm wavelengths.
2.2.2 Chrom atic Dispersion
In this section the impact o f optical fibre chromatic Dispersion properties will be 
described, its consideration within the context o f  tight optical filtering will also be analysed. 
This is in view o f  the fact that tight filtering degrades systems performance, but in
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conjunction with chromatic dispersion further degradations will evolve. The good news is 
that just as there are several strategies to mitigating the impact of fibre loss, there are also 
many techniques to reduce or compensate the impact o f chromatic dispersion.
Thus it will be o f great interest to numerically model the impact o f some techniques in 
the presence o f combinations o f tight optical filtering, ASE noise and chromatic dispersion. 
But before considering these combinations o f impairments scenario, it is best to describe the 
impact o f optical fibre chromatic dispersion on an optical pulse.
2.2.2.1 Group velocity dispersion
The impact of group velocity dispersion on an optical signal affects the signal on a time 
domain; essentially it is a linear impairment to optical pulse propagation in optical 
communications systems. Just as fiber loss and filtering induced penalties are linear 
impairments, so are the effects o f GVD. Chromatic dispersion is an undesirable linear effect 
that affects the propagation o f light waves in optical fibre (pulse broadening or compression 
depending on the sign o f the GVD). Thus the propagation constant (p) and refractive index 
(n) depends on the signal wavelength in fibre. There are two major contributors to the 
chromatic dispersion; they are material dispersion and waveguide dispersion. Material 
dispersion is dispersion in which refractive index o f material (silica) of the optical fibre is 
frequency dependent. Waveguide dispersion arises due to changes in wavelength that 
translate to changes in power distribution and will affect the (refractive indexes of core and 
cladding) effective index and propagation constant. The simple expression for chromatic 
dispersion will be described with some relevant parameters before the chromatic dispersion 
effect on an optical pulse (phase change on frequency domain) is described in details.
Simply these parameters are f t  representing phase change, Vg = ^ /p  where Vg is the
group velocity and f t  is phase velocity and f t  *s the group velocity dispersion parameter and 
f t  is the group velocity dispersion slope.
The dispersion parameter (D) is defined as the delay measured in picoseconds per nm 
(nanometre) separation o f adjacent wavelength per km (ps/nm/km). D is —16 ps/nm/km for 
standard single mode fibre (SSMF).
The effect o f fibre dispersion is accounted for mathematically by expanding the 
propagation constant in a Taylor series about the signal centre frequency co0 at which the 
pulse is centred.
fi(co) = n ( c o ) j =  f t  +  f t(m  -  oj0) +  ^ ft(m  -  oi0) 2 ....
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where D is the dispersion parameter.
S ={2% )
where S is the dispersion slope.
2.2
But the origin and physical effects o f the three mentioned linear impairments are 
different. For GVD effects the regions o f interest herein are explicitly GVD dominated 
regimes. Dispersion can simply be established as a direct relationship that exists between 
refractive index and wave frequency. The effect o f dispersion cause the optical pulse to 
broaden or compress as a function o f the sign o f the group velocity dispersion, this broaden
or compression is as a result different frequency component o f the pulse travelling with
different speed and thus results in pulse width broaden. A dispersive regime can generally be 
described as a regime where the effects o f GVD largely exceed the effects o f the fiber non 
linearity [2].
lf z = ~  + d- ^ t - y W A .  2.3
The three terms on the right hand o f the equation above govern the effects o f fiber loss, 
dispersion and non linearity. Where A is the slowly varying amplitude o f the optical pulse 
envelope and T is measured relative to a pulse with a given group velocity vg that is T is 
normalized to the z axis for the group velocity (T =  t — z / v g). (2.4)
The time frame normalized to the z axis t  can also be normalized to the initial pulse width T0
T = i  = L^Ai 2 .5
To T„
Just as the time frame has been normalized it important to normalize the amplitude o f the 
pulse U as shown below with y =  0 such that the non linearity is isolated.
A (z ,t )  =  y f ^ e x p (—a z /2 )  U (z, t )  2.6
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P0 represents the peak power o f the initial pulse, the fibre loss is represented by the 
exponential part o f the above equation. Thus to simplify the equations for the purpose of 
analysis U (z, r )  is found to satisfy
If the non linear and fibre loss o f the NLSE are eliminated and equation 2.3 satisfies
thus the dispersive and non linear lengths are given below
Where T0 represents the initial pulse width, y  is non-linear parameter and P0 is the peak 
power. Thus are three important lengths that are important to consider in determining the 
dominant impairment, i.e. either linear or non linear dominated regimes in optical fibre, 
L,Ld and Lnl given as fiber length, dispersive length and nonlinear lengths. The evolution o f 
optical pulses in an optical fiber is largely dependent on the magnitude o f these three lengths. 
Thus the regime we are considering here is such that the L >  Lq, L «  Lnl.
and the dispersive part o f the equation (2.8) normalized above can be solved by Fourier 
transform [3], such that U (z, oS) is the Fourier transform of U (z, r)  and is given below as
. d U _ s g n ( p 2) d 2U exp ( -gz)  i j j t 2 r j  
d z  2 LD d r 2 Lnl  1 1
2.7
idU p 2 d 2U
dz  2 d T 2
U (z, t )  =  ^  U{z, ai)exp (io)T)da) 2.9
This equation satisfies the ordinary partial differential equation
dU_
d z =
2.10
The equation 2.10 can be integrated to give
U (z,oi) =  U (0 ,a))exp - (^ /? 2co2z). 2.11
Where U (0, oi) is the Fourier transform at z =  0.
U (0, co) = U (0, T) exp(io)T) d T . 2.12
13
By combining equations (2.9) and (2.11)
U (z ,T )  =  ^ / “oof / ( 0 ,c o ) e x p ( ^ - - ia ) 7 ) d c u .402 us 2.13
The above equation shows that the spectrum o f the pulse remains unchanged in the 
presence o f  dispersion ,but that pulse width and shape are affected as a result o f dispersion 
due to change in phase o f the different spectral components.
17(0,70 =  e x p ( - ^ r ) 2.14
Assume U(0,T) is taken as the input Gaussian pulse with a GVD of /?2 after a distance Z
U (z ,T ) =
(7o2-t02z) 1 /2
exp
2{TQ2- i p 2z )
2.15
Thus a Gaussian pulse maintains its shape on propagation through z distance but the pulse 
width increase as shown below
7\(z) =  r0V(i + ( z / l d) 2 ) 2.16
t/Cz.r) =  |{/(z,r)|exp[t(p(z,r)] 2.17
( T)  =  -gnfc («/!„) _g_ + - !  /_L\ 2.18
'  1 + (z/L D)2 27q Vld/
The first part o f the right hand side o f the above equation corresponds to the 
frequency chirp and the other part is the (constant phase shift) distance dependent phase shift. 
Thus there two phase shifts in the above equation; the time dependent and the constant phase 
shifts. The time dependent phase shift also depends on the sign o f the fS2. For normal 
dispersion regime the sign o f the chirp is negative and in an anomalous dispersion regime the 
sign o f the chirp is positive. The dispersion induced pulse broaden can be understood from 
the point o f view o f the phase change in spectra domain leading to different parts o f the 
signal spectrum travelling with different speed and arriving with a relative delay to their 
initial positions
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2.3 Optical Modulation
The focus o f this section is to describe different modulation techniques that are available 
in optical communication. As data rates increases one if the major limitations to practical 
deployment of higher data rate is the limited electronics bandwidth that are available for real 
systems. There are several types o f optical modulators, range from direct modulated lasers, 
Electroabsorption and Mach Zehnder Modulators (MZM). However in this Thesis generation 
o f the different signal format and modulation formats shall be concentrated through the 
MZM. As the operational understanding o f most optical communications technologies are 
essential in the modeling o f optical communications, the MZM operational process shall be 
described here and the different signal formats and modulation formats that are applicable to 
advanced modulation formats will also be described.
2.3.1 Mach-Zehnder modulator
The Mach-Zehnder modulator works on the principle o f interference, controlled by 
modulating the optical phase. Incoming light is split into two at the input coupler; one or both 
arms o f the modulator are equipped with phase modulators such that the two optical fields 
acquire some phase difference relative to each other, controlled by phase modulation 
voltages. Finally the two fields interfere at the output coupler. The interference is either 
destructive or constructive, thereby producing intensity modulation [12]. The optical field 
transfer function o f the Mach Zehnder modulator is given below 
MZM Optical field transfer function
..(0(V1)+0(V 2)+<p ) ms  —
2
The square o f the field transfer function is the power transfer function
7e(ViV2) — e 2 COS
( 0 ( 7 ! )  +  0 < y 2 ) )  -  <p
|7E(v1y2)| -  Tptyvy 
MZM Optical power transfer function
Tn w )  = COS2 \ - ( V V -  Vbias)
k
W  = voltage difference between Vx and V2,
Vbias =  voltage fo r  additional, temporal constant phase shif t  (<p).
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Fig 2.2 Schem atic o f  M ach-Zehnder interferometer and output path optical intensity [25], 
Overview o f different ways to drive an MZM
In the Mach Zehnder modulator, 0 (V 1, V 2) are the voltage modulated optical 
phases o f the two arms. <p is additional temporally constant phase shift. If phase modulation 
is linearly dependent on drive voltage 0 -  KV, then the power transfer function depends on 
drive voltage difference. The Mach Zehnder modulator has excellent extinction ratio. The 
required peak to peak drive voltages o f around 6V require broadband driver amplifiers which 
can be a major challenge at data rates in excess o f  10 GB/s. Today LiNbo3 based MZM are 
widely available for modulation up to 40 GB/s. MZM forms the basis o f many advanced 
modulation formats due to its independence in generating phase and intensity modulation 
formats.
NRZ data modulation P u lse  carver
(DM)
OOK 
DPSK, DB, AMI h* 
50% RZ M—o—M
33% RZ N o
67% CSRZ
1 -
a> 0 .8
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(PC)
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Electrical differential 
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Bias point
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Optical power
/\/ 0 \L i i^AAAAAAMe 2\£ 3 Yt 4%;
Differential voltage (AV)
Time T -  1/R
Figure 2.3: Overview o f different ways to drive an MZM, resulting in different optical 
modulation formats (black circles: MZM quadrature points). PC: Pulse carver. [12]
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2.3.2 Different Signal formats.
There are two main sub-divisions o f  signal formats namely non return to zero (NRZ) 
and return to zero signal (RZ) formats. The RZ signal can also be divided into three variants 
namely 33%, 50% and 67% [13]. The choice o f any o f  these signal formats is largely 
dependent on application scenario, because o f  their different performances in presence o f  
chromatic dispersion, tolerance to fiber non linearity and polarization mode dispersion. The 
sections 2.3.2.1 and 2.3.2.2 further explains the different relative performances o f  the 
different signal formats. This is occasioned by the three signal formats having different pulse 
widths and therefore different spectra widths. Also importantly at data rates o f -1 0  Gb/s 
pulse carving is not essential in tightly filtered regimes.
2.3.2.1 Non Return to Zero (NRZ) Signal form ats
Different modulation format can be transmitted with several signal format (Duty 
cycles, is the ratio o f pulsewidth to bit period), but the most common ones in optical 
communication are Non Return to Zero and Return to Zero (NRZ and RZ) The NRZ 
spectrum is shown below:
Power [dBm] MRZ
-1
-40
-eo 
-eo 
-1 oo  
-1 20 
-t 46
-21 -IS  -10 -<S O S 10 15 21
Optical F requency relative to 1 93 .9  THz [GHz]
Fig. 2.4 Optical spectrum o f NRZ signal with 10 Gbps data rate.
The NRZ signal format occupies the whole bit interval for a given transmitted signal, 
thus having a very narrow spectrum. For an NRZ pulse a l bit occupies the whole length o f 
the bit interval while for a 0 bit there is complete absence o f pulse in the interval. Aside the 
Duobinary (DB) spectrum, NRZ spectrum is next to DB spectrum in terms o f  narrowness o f  
the spectrum compared to all available signal form at's spectrum, i.e compared to the three 
different RZ signal format.
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The NRZ has its inherent advantages over the return to Zero (RZ), in terms o f  cost; 
the NRZ signal format to be deployed in with any modulation format does not require an 
additional Mach Zehneder modulator in carving the transmitted pulse. This can be also be 
advantageous from the perspective o f  no extra insertion loss is been incurred in the 
generation o f NRZ.
2.3.2.2 Return to Zero Signal Form at:
Return to Zero (RZ), herein the pulse width o f the optical signal is smaller than the 
bit period. Usually a clock signal with the same data rate as electrical signal is used to 
generate RZ shape o f  optical signals. For the RZ pulse a 1 bit is represented by partial 
occupation o f  the bit interval while for 0 bit, no pulse is used for the bit interval. These 
signal formats (RZ) in its different variants (33%, 50% and 67%) have their individual merits 
and demerits compared to NRZ. While 67%RZ is more tolerant to fiber non linearity, the 
lesser duty cycles are more tolerant to polarization mode dispersion (PMD).
The most notable merit o f  the RZ over the NRZ is improved sensitivity over non 
linear regimes (transmission distances). There is about 3dB improved sensitivity o f  RZ over 
the NRZ, the reason is largely due to higher peak power o f the narrower pulse width o f the 
RZ (in the presence o f  chromatic dispersion and fiber non linearity). The higher peak power 
o f the RZ signal results in better eye diagram opening, this leads to improved receiver 
sensitivities for the same average power for the NRZ. Thus the improved receiver sensitivity 
o f the RZ leads to increased transmission distances as opposed to NRZ signal for the same 
average power [12].
R o w e r  [d B m ] Rv"
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Fig 2.5 Optical spectrums o f RZ signal with 10 Gb/s o f data rate.
18
The absence o f a pulse carver in the NRZ signal format is translated to weaker bit 
transitions and thus affecting its sensitivity in the clocking transition (eye diagram) as 
compared to the RZ format. The RZ signal formats, when the RZ pulses are chirped, the 
resultant pulses are more robust to the combined effect o f fiber non linearity and dispersion. 
Thus the choice o f the particular duty cycle to be deployed in conjunction with the DPSK or 
any modulation format is largely dependent on application scenario [14], cost o f the extra 
pulse carving modulator and the corresponding optical fiber limiting impairments. The RZ 
format requires lesser OSNR for the same BER as compared to NRZ i.e around 1 to 3dB 
lesser OSNR [12].
2.3.2.2: Carrier Suppressed Return to Zero (CSRZ) signal format.
This is a special case o f RZ signal format with a 67%duty cycle, special in the sense 
that it has inherent attributes o f intensity and phase modulated format. CSRZ is a pseudo­
multilevel modulation format, where the extra degree of freedom from the multi-level symbol 
is not utilized in increasing the bit rate as compared to multilevel signal format where symbol 
assignment does not depend on the previous or later symbol (i.e. DQPSK). The intensity 
modulation o f the CSRZ is active while the phase modulation is passive, passive because the 
phase change is data independent.
CSRZ belongs to a sub class o f memory modulation formats. Memory due to the 
symbol correlation that is inherent between the intensity and phase symbols. Thus for every 
bit transition there is optical field sign reversal (an alternate phase change), and this sequence 
o f phase inversion leads to a null (0) carrier at centre frequency o f the CSRZ spectrum. The 
alternating phase change leads to a net 0 power for the transmitted 1 bit data. This attribute 
ensures that the CSRZ has a better tolerance to fiber non linearity as compared to other signal 
formats [12]. The CSRZ signal format can be generated by sinusoidally driving a MZM at 
half data rate between two transmission maximum points and biasing at transmission 
minimum point between the two peaks. The memory nature o f this type o f duty cycle makes 
a particularly interesting signal format for deployment in a tight filtering environment [14].
2.3.2.3 RZ over NRZ
As with most optical modulation techniques, there are inherent advantages from 
deploying a specific modulation strategy just as there are drawbacks for deploying the same
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strategy. I.e. the NRZ has its advantages in terms o f its lesser cost for its employment 
relative to the RZ, because the RZ signal format requires an additional modulator. The 
narrower spectrum o f NRZ is also better suited for WDM transmissions, where channels 
spacing are limited. Also o f great importance is that tolerance o f NRZ signal to linear cross 
talk is better than RZ, due to the smaller spectrum of the NRZ.
Although with appropriate filtering the performance of RZ signal within linear 
cross talk regimes can be greatly improved by minimizing its effect within channels using an 
RZ signal format. But within the context o f advanced modulation formats, where data rates 
exceeds 40Gb/s data rate; thus impact o f chromatic dispersion becomes comparable to the 
impact o f fiber non linearity (Ld ~ Lnl ) due to the decreases in signal pulse width, RZ 
performance becomes superior to performance the NRZ as the data rates increases.
The OSNR figure requirement for RZ is l-3dB lesser than requirement for NRZ, 
because o f the higher peak power o f the narrower RZ pulse widths. When long strings o f 1 
bit are transmitted to the receiver with a RZ format the receiver can recover the 1 bits but it 
can't do the same for the NRZ and long 0 bit strings o f the RZ because o f the absence o f 
transition makes it difficult for receiver to acquire a bit clock. In terms o f most non linear 
induced penalties, RZ signal format has better tolerance compared to the NRZ. With self 
phase modulation (SPM) the irregular pattern o f the NRZ signal from the absence o f all 
pulses returning to zero for every bit slot, will result in SPM induced pattern dependence 
waveform distortions in the presence o f dispersion. But due to the more constant patterning 
o f the RZ signal, this SPM induced distortion is not inherent.
Also a chirped RZ has better tolerance to dispersion and non linear effects [12] 
than the chirped NRZ, when used in conjunction with dispersion compensating fiber (DCF). 
The chirped RZ can also be derived by deploying an additional MZM at the transmitter. This 
MZM is actually phase modulated, to introduce frequency chirping to the modulated RZ 
signals. The chirped NRZ [12] can be achieved by properly imbalancing a dual-driven MZM 
for NRZ signal, such that additional frequency chirp are introduced, this is done to improve 
the dispersion performance o f NRZ system.
2.3.2.4 Duobinary or Partial response signaling.
Duobinary signaling being a member o f correlative coding family is also identified 
as Phase Shaped Binary Transmission (PSBT) [15], and Phase Amplitude Shift Signaling
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(PASS) [16]. Duobinary signal thus has an inherent mix o f intensity and phase modulated 
signaling, where more than two symbols are used to represent a bit (modulation with 
memory). The distinction between the duobinary and the CSRZ is that there is a phase change 
for every bit transition as opposed to phase change in duobinary format being as a result of 
an odd 0 bit between successive 1 bits from the original data.
In this research duobinary demodulation is very important because most o f the 
conversion o f the phase modulated signaling at the receiver to electrical is implemented with 
at least one variant o f correlative code or partial response signaling. Duobinary format being 
a memory modulation format (intensity and phase modulation) is a very unique modulation 
due to its narrow spectra profile, tolerance to chromatic dispersion and will be described in 
more details in section 2.3.6.3 (DPSK demodulation). It is important to consider that 
modulation formats with memory mostly benefit from using three optical symbols set {+1,0, 
-1} in tight optical filtering regimes or dispersive regimes, because optical receivers use 
square law detection, ( power = |E |2), thus optical receivers map {+1,0, -1} [ +|Ii |, 0, -\E\] 
to a binary set {0, l^ l2}.
Thus employing 3 optical symbol levels for detecting two electrical symbol levels 
has enormous advantages in optical communications most especially within tight filtering 
regimes and for managing the effects o f chromatic dispersions which is inevitable in optical 
signal propagation in optical fiber links. The duobinary modulation format can be generated 
electrically or optically. Generating the duobinary electrically requires a delay and add 
filtering or low pass filtering in generating a differential encoded data. This precoded data 
exhibits a phase change for every 0 bit in the original data sequence.
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Fig 2.6 Duobinary signals are generated by driving a MZM around its transm ission minimum using a three- 
level electrical drive signal, generated from the precoded data signal by either: (a) a delay-and-add circuit or (b)
some other appropriate low-pass filter.
The low pass electrical filtering is employed with a 3dB bandwidth that is 
equivalent to 25% o f the data rate. The delay and add, as the name denotes is an original data 
signal that is delayed then added to the un-delayed signal and thus generating a differential 
data. The precoded data drives a MZM with 3 level electrical drive signal around its 
transmission minimum. More importantly in this investigations duobinary signal generated at 
the demodulation o f {+1, -1} PSK modulation is o f more interest than the electrically 
generated duobinary [12].
Alternatively duobinary signal format can also be generated by severely optically 
filtering a PSK modulation format [14]. Compared to NRZ signal format that also has a 
narrow spectrum, the duobinary spectrum is narrower and thus outperforms NRZ in the 
presence o f  chromatic dispersion or strong filtering [12] due to its narrower spectra extent. 
The uniqueness o f  duobinary and other correlative coding techniques is largely due to their 
memory nature o f  (CSRZ, VSB, DB and AMI) etc.
The performance o f phase modulation formats in tight filtering and in the chromatic 
dispersion is more driven by the memory nature o f the DB signal as opposed to its memory- 
less modulation nature. Further insights into this distinct memory modulation behavior will 
be explained in chapter three and four.
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2.3.2.5 Alternate Mark Inversion
In this research investigation Alternate Mark Inversion (AMI) is relevant due to 
the fact that the destructive output o f  a DPSK demodulation set up consists o f an AMI 
spectrum. The AMI signaling is an intensity modulation format, with correlative coding 
characteristics. It is a line coding modulation format or memory coding modulation format 
due to the deployment o f two symbols (intensity and phase) in modulating a single bit.
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Fig 2.7 (a) Possible structure o f  a variable duty cycle RZ-AMI transmitter, (b) A signal in NRZ 
format interferes with its-delayed replica (dashed) in a Dl, producing pulses o f alternating phase.
But unlike other intensity -memory modulation format there is alternating phase 
change for each 1 bit data, even with a 0 bit between two lbits. The additional phase 
modulation o f  the AMI can reduce the effect o f  fiber nonlinearity due [12] to net reduction in 
PSD due to alternating phase changes. AMI can be generated by passing a duobinary signal 
through a CSRZ signal, by employing delay and subtract circuits either electrically or 
optically.
Electrically the generation is similar to DB but the difference here is that AMI 
does not share bandwidth limitation with DB, thus the low pass electrical filtering as 
deployed with DB is replaced with high pass filtering. Thus the spectrum o f the AMI is a 
double peaked spectrum and has a wider spectrum than the spectrum o f the DB signal. The 
main condition in generating a delay and subtract filtering is that the interference o f  the 
optical MZI is set to a destructive interference which leads to a signal spectrum that is a 
complement inverse o f the duobinary spectrum (DB).
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2.3.2.6 Vestigial side band modulation.
Vestigial sideband modulation (VSB) is a form of modulation that is based on 
filtering out much o f either o f the sidebands, unlike other modulation formats where both 
sidebands are present. It is a particular modulation strategy that can be deployed to improve 
spectral efficiency o f different modulation formats. Although very similar to single single 
side band modulation (SSB), but the prominence o f VSB over SSB is largely due to the 
difficulty in optically or electrically achieving the SSB modulation formats.
VSB modulation deployed with different modulation formats has been shown to 
improve the system performance over certain fibre impairments relative to double side band 
modulation most especially in a narrow filtering regime, which is the area o f concentration of 
this research [13, 14, 15]. However despite the inherent advantages o f the VSB in an ASE 
noise limited regime, dispersive regime (except the duobinary that has a better performance) 
and similar performance to DSB modulation's in non linear regimes, the main mitigation to 
the VSB modulation in tight optical filtering regime is crosstalk from WDM channels.
Except specific strategies such as polarization multiplexing, unequal channel 
spacing or digital signal processing technique such as MLSE or MAP are deployed to 
mitigate the impact o f crosstalk that could potentially degrade the performance o f VSB 
modulation severely [16, 17,18]
2.3.2.6: DPSK modulation.
There are two major ways o f encoding phase modulated signals, i.e. straight-line 
phase modulators and Mach-Zehnder Modulator (MZM) [4]. The straight line phase 
modulator just modulates the phase o f the optical wave while the intensity remains constant. 
The draw back from this straight-line modulator is the fact that the phase o f a signal is not 
instantaneous, thus exact phase modulation is difficult to achieve. Thus chirp will be 
introduced in the process o f this direct phase modulation [17].
The MZM introduces an intensity modulation while the phase o f the optical wave is 
modulated. The MZM is based on the electro-optic process, where the refractive index o f the 
material i.e. LiNbO 3 Lithium niobate is a function o f the applied electric field. The exposure
of the LiNbO 3 element to an optical field results in the optical light slowly moving through
the element and the time it takes to travel through is a function o f the optical phase o f the 
optical signal. Thus the applied electric field is directly proportional to the resulting phase
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change. If the MZM is biased at null point and driven with an exact voltage (twice the voltage 
for OOK) between 2 maximums point o f the optical signal then an exact n  phase change 
results in the phase o f the resulting optical signal at the output o f the MZM. The accuracy of 
the phase modulation comes at the expense o f the intensity dips depending on drive signal 
bandwidth and voltage. But the information bearing path o f the signal is in the optical phase 
not the optical intensity. The dual sinusoidal curves of the optical phase and intensity o f the 
MZM reduces the impact o f drive wave imperfection, unlike the Phase modulated where any 
imperfection is transcended to the optical phase only.
2.3.2.6.1 Optical Phase modulation and generation.
The electric field o f a typical laser source in optical communication can be represented in 
its real form as the equation below:
E=A(r)e cos ( ojt +  6) 2.20
Where E is the magnitude o f the optical field vector, A (r) is the amplitude o f the laser
source, co is the angular frequency, 6  is the optical phase and e  is the polarization o f the 
laser source. The four different variables amplitude, frequency, phase and polarization can be 
used to optically modulated information unto the carrier signal. When a DPSK signal is 
considered over two bits intervals, the transmitted DPSK signals can be assumed equals 
y [E jW h c o s (2 ;r /(.t) for 0 < t > T t , T ,  is the bit duration and E h represents the signal
energy per bit. s,(t) represents the transmitted DPSK signal for 0 < t > 2 T ft when we have a 
binary symbol 1 transmitted at the source and the second part o f the interval is T < t > 2 T , , . 
The transmission o f a 1 bit symbol leaves the phase o f the carrier constant over the interval 0 
< t > 2 T ft, thus we can represent the 1 bit symbol of the DPSK modulation with the equation 
given below.
s ,.( t)  = J ^ c o s ( 2 ; r / c0 ,  { 0 < t > T b }
8,4(t) =M COS(2* f ‘0 ’ ^Tb- t - 2T^  2'21
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Then let s 2 (t) represent the transmitted DPSK signal for 0 < t > 2T , when we have a 
binary 0 bit symbol at the source for T b < t > 2T b. The transmission o f a 0 bit symbol leads to 
a phase change o f 180 degrees, we can represent s 2 (t) by the equations given below.
s  20 J i F  c o s ^2 2 r ^  ^^ ’ 1 °  “ 1 “  Tb }  ’ s  2* C 0 S ( 2 ! r f c  t + X ) > {T b ^ 1 ^  2Tb}  2.22
It can be seen that from equations 2.21 and 2.22 that DPSK is orthogonal over the lbit 
symbol and 0 bit symbol intervals 0 < t > 2 T fc. The DPSK modulation is a modulation with T
= 2T h and E= 2E b, without going into extensive mathematical derivations the probability o f 
error for a DPSK modulation is given summarily as:
Pe = —ex p (-— ) 2.23
2 JV0
However direct error counting is complicated to implement using the above closed form 
expression (above) most especially when the OSNR is higher. Thus Gaussian approximation 
is used to compute the Q values and the Q values are employed in estimating the Bit Error 
Rates o f the DPSK modulation as opposed to the exact solution. However direct error 
counting using the close form expressions are very time consuming and under the conditions 
o f a high OSNRs (DPSK system), error counting is very difficult to implement, because the 
BER is low. Thus (Gaussian approximation) is employed with fairly high OSNR, because it 
provides an accurate estimation o f the systems BER. Several other parameter adjustments 
are also employed to improve the accuracy o f the BER estimations o f DPSK systems using 
Gaussian approximations and these conditions are further elaborated in section 2.7.1.
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2.3.2.6.2: DPSK signal generation.
O O
Fig 2.7 DPSK constellation diagram
The DPSK works as follows, the phase has two states o f 0 and pi, thus for every 1 bit 
there is a phase change and for every 0 bit there is no phase change. The differential nature is 
show below in which data is encoded by via a change in the phase state o f the optical signal
Data 1 1 0 0 1 1 0 1 0 1
Phase 0 n 71 n 0 n n 0 0 n
Fig 2.8: Representation o f DPSK signals generation. 
2.3.6.3 DPSK demodulation.
In this section the demodulation o f 42.7 Gb/s DPSK systems will be described, this 
is important because the performance o f a strongly filtered DPSK system with a 50GHz grid; 
cannot be evaluated in isolation without relating the performance at narrow filtering regimes 
to wide filtering regime. Thus it is important to analyse the demodulation o f a DPSK system 
as whole, such that better understanding o f the demodulation process can enhance techniques 
that could improve the strongly filtered DPSK performance in a 50GHz grid. Just as will be 
seen in later parts o f this chapter.
MZI
Constructive
Optical Filter
Destructive
Port Photodetector
Figure 2.9: Diagram o f a typical DPSK Demodulator diagram.
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The DPSK demodulation is implemented by converting optical phase to optical 
intensity via electro-absorption or interferometric process (electro-optic process), because 
photo-detectors only respond to intensity o f a signal rather than phase o f a signal. As 
compared to Amplitude Shift Keying modulation where the intensity o f the carrier signal is 
used to modulated 0 and 1 bits (i.e. 0 bit is modulated with absence o f intensity o f the carrier 
and 1 bit is modulated by the presence o f intensity o f the carrier signal). The separation
between optical symbols used in encoding 0 bit and 1 bit for OOK format has a ^  less 
difference as compared to DPSK modulation format.
The main edge in the deployment o f DPSK over OOK is the 3dB OSNR sensitivity 
for the same average power to achieve same BER (Bit error rate), is due to balance detection 
o f DPSK signals and the phase symbol representation o f DSPK has a larger separation in 
between the 1 bit symbol and 0 bit symbol than OOK (amplitude) symbols [14, 19]. These 
enhances DPSK systems in accepting more standard deviation of noise signal compared to 
OOK systems. Also o f great importance is the improved tolerance o f DPSK modulation 
format to fiber non linearity over OOK modulation, this is accounted for by the increased 
peak power o f the spectrum o f OOK format.
The spectra profile o f DPSK and OOK modulation format are both similar, but for the 
presences o f carrier tones on OOK modulation formats. Thus the impact o f the 3dB OSNR 
sensitivity o f the DPSK formats over OOK will also be reflected in the lower transmitted 
power which invariably translates to lesser non linear effects [19]. It has also been shown in 
[20] that in presence o f serious fiber kerr non linearity that optimization o f the DPSK delay in 
the Mach Zehneder Interferometer (MZI) and optimizing optical filtering bandwidth can 
improve the performance o f DPSK modulation format. The effects o f chromatic dispersion 
and polarized mode dispersion on DPSK and OOK modulation formats are relatively the 
same. But the process o f the demodulation o f encoded DPSK modulation, via conversion to 
partial response formats (duobinary {DB} and alternate mark inversion formats {AMI}) can 
enhance the improved tolerance to chromatic dispersion.
These improved tolerance to chromatic dispersion can be accomplished by 
exploring the inherent attribute o f DB signal's narrow spectra profile and its 3 optical symbol
levels {E, 0, -E} in conversion to 2 electrical symbols {0, E 1 }. Thus in the presence o f 
chromatic dispersion, a transmit data stream o f 1, 0, 1 will be encoded by the DB signal as 1, 
0,-1.  The significance o f the 3 optical symbols lies in the fact that chromatic dispersion will 
lead to the 1 bit pulses spreading to the 0 bit pulses, this will lead to a destructive interference
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thus lowering the level o f the 0 bit level, while for OOK there will be constructive 
interference leading to higher 0 bit levels and results in eye diagram closure.
This will lead to an improved sensitivity o f the constructive port (with the duobinary 
spectrum) and eventually a better performance from balanced detection. Also an optimized 
increase in the free spectra range o f MZI and commensurate optimization o f the filtering 
bandwidth o f the receiver can also increase the performance o f DPSK system in the presence 
o f chromatic dispersion [26, 27]. The major contribution o f this work to DPSK modulation 
format is in the mitigation o f optical filtering penalties induced in strong filtering regimes
The aim o f this section is to introduce the symbol modulation and demodulation of a 
DQPSK system, as DPSK modulation has been described in the previous section. It is 
important to introduce the similarity and differences between both systems most especially 
considering tight optical filtering (50 GHz). For a 42.7Gb/s DPSK system in a 50 GHz grid, 
the inherent optical bandwidth o f DQPSK been half o f the optical bandwidth o f an equivalent 
DPSK system, thus the tolerance to narrow filtering is more enhanced with a DQPSK system.
Thus the representation o f a DQPSK signal is the same as shown in equations 2.20 to 
2.23, but the difference is that there is an additional symbol representation at ninety degree 
phase offset to the initial DPSK signal (DQPSK = 2DPSK), thus both have the same 
probability for bit error rate BER.
Nevertheless in order to achieve the same BER the QPSK requires twice the amount 
o f power for DPSK, the number o f bits for DQPSK is twice that o f DPSK [12].
The symbol error rate o f the DQPSK is given below
[18, 30].
2.3.3 DQPSK Modulation.
2.24
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Figure 2.10; Signal constellation for DQPSK modulation format.
The diagram above is the constellation diagram for QPSK, the horizontal line represents 
the real part o f  the phase-optical equation and the vertical represents the imaginary part o f  the 
equation. The symbol representation on the constellation diagram is in the following other
00, 10, 01 and 11 (0, 71 /  2 ,n , ^ n/  2)  f° r the DQPSK phase different phase states o f  the 
modulating optical carrier, where two bits are mapped to 1 symbol. Such that In-phase 
component (I) has a phase difference o f 180 (n ) between the two modulating symbols and 
the Quadrature component has the same phase difference but a different initial reference 
point 71 / 2 -
2.4: Optical PSK modulation
In the DPSK modulation phase is differentially encoded, while BPSK modulation is 
direct phase modulation. The DPSK demodulation is quite simple compared to the PSK 
demodulation where a local oscillator signal is needed to demodulate PSK signal. Also DPSK 
formats are less stringent to laser linewidth unlike PSK formats.
Data 1 0 0 1 1 0 1 0 1
PSK n 0 0 n n 0 n 0 n
DPSK 0 0 0 n 0 0 TT TC 0
The symbol representation o f  the 0 and 1 bits at the transmitter is given below: When a 
PSK signal is considered over two bits intervals, the transmitted PSK signals can be assumed
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equals ^ 2 E j T h cos(2;r f  ct) for 0 < t > T fc, is the bit duration and represents the 
signal energy per bit. s,(t) represents the transmitted PSK signal for 0 < t > 2 T /) when we 
have a binary symbol 1 transmitted at the source and the second part o f the interval is T * < t  
>2T h. The transmission o f a 1 bit symbol leaves the phase o f the carrier constant over the 
interval 0 < t > 2 T /), thus we can represent the 1 bit symbol o f the PSK modulation with the 
equation given below.
s,„(t) = J | ^ c o s ( 2 / r / c<), { 0 < t < Tb } 2.25
Then let s 2 (t) represent the transmitted PSK signal for 0 < t > 2T b. The transmission o f a 
0 bit symbol leads to a phase change of 180 degrees, we can represent s 2 (t) by the equations
given below.
- M ^ c o s ( 2 x f cl) ,  { 0 < t < T „ }s 2a(t) j i), -  l ^ .Lb j 2.26
The equations can be expressed as a basis function for a unit energy with the expression
<Pi(0 =  ^ r C o s ( 2  n f zt) 2.27
Where s,(t) = yfE^ip^t)  2.28
s 2(t) = - ^ £ ^ ( 0  2.29
Thus for a BPSK signal the signal has a one dimensional space and two data points on the 
constellation diagram represented by and —y[E^
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Figure 2.11: Signal constellation for PSK modulation formats
The probability o f  error for a BPSK modulation format (for case o f transmitting 1 or 0 bit 
and receiving a 0 or 1 bit) is given as
2.4.1 Optical Coherent Binary Phase Shift Keying (BPSK) Modulation.
Optical coherent modulation can be implemented via the amplitude, frequency (phase) 
and polarization o f  the carrier wave. Coherent Detection o f  (frequency)phase, amplitude 
modulated signalling is enhanced by the fact that that the optoelectronic conversion is over a 
linear scale, thereby introducing better phase, frequency and amplitude extraction o f the 
modulated formats. The impact o f the improved sensitivity o f  coherent detection can be 
highlighted by making a comparison o f  the sensitivity o f  DPSK and PSK modulation. It has 
been identified that PSK modulation performance is better in the context o f  lesser photons per 
bit [1] and in terms o f  OSNR performance. In fact amongst the several binary modulation 
formats coherent PSK offers the best sensitivity.
The recent resurgence in the demand o f coherent modulation format is largely 
occasioned by the inherent multiple wavelengths amplification benefit o f EDFA almost 
reaching its climax; the advent o f EDFA in optical communication reduced the impact o f 
coherent system due to associated cost and complexities in deploying coherent optical 
modulation formats. These is because in optical transmission the impact o f ASE noise 
generated from the signal amplification over shadows the shot noise limited reception (where
2.30
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the coherent detection offers improved sensitivity) because the OSNR at the receiver is 
largely determined by the ASE contributions.
The recent increase in demand coherent binary and multi level modulation is due to 
astronomical increase in demand for optical communication, which has moved from been a 
service to a commodity. The desire to increase performance (higher data rate) via already 
installed capacities and cost minimization for the service provider necessitates the recent 
researches in coherent optical communication.
The employment o f coherent detection with any modulation is largely due to the 
performance impact o f the local oscillator's signal mixing with the received modulated, 
which is encompassed on a linear regime. Therefore no non linearity is introduced by the 
optoelectronic conversion process.
The conservation o f modulated information and signal characteristics with coherent 
detection has enhanced the deployment of DSP for post processing o f optical transmitted 
signal thereby offering improved tolerance to optical impairments. In terms o f receiver 
performance with binary modulation formats coherent optical phase shift keying modulation 
schemed has been reported via simulation and experimentation to offer the best sensitivity of 
all the different binary modulation schemes (ASK, FSK and DPSK) [24, 25].
2.4.2: BPSK Demodulation
The demodulation o f a PSK modulation format is described in this section. The 
demodulation in a PSK modulation format is implemented via mixing o f the transmitted PSK 
at the output o f the optical bandpass filter with a local oscillator signal. This mixing is 
implemented on a linear regime thereby enhancing an exact phase extraction unlike the 
DPSK modulation where a MZI is deployed in realising self phase referencing between the 
delayed signal at one arm o f the MZI with the un-delayed signal at the other arm o f the MZI.
Thus phase difference between successive bits actualized at the outputs o f the MZI. The 
simplicity o f the DPSK demodulation is an advantage in terms o f cost o f the MZI but the 
drawback is that the phase extraction o f the process is not as precise as compared to the PSK 
demodulation. The PSK demodulator deploys a coupler 3dB/180° after the OBPF in mixing 
the local oscillator's signal with PSK signal. Thereby mixing o f the inphase signal o f  the 
PSK signal with the inphase signal o f the local oscillator on one output port. Also the out of 
Phase component o f the PSK signal is mixed with the out o f component o f the local
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oscillator. Thereby realising a balanced detection, although two single ended detections can 
be deployed at both the constructive and destructive port o f the coupler after the mixing.
The local oscillator employed in the mixing with the PSK signal is a perfect local 
oscillator with zero linewith and phase locking is not implemented in any o f the simulations. 
But actual phase displacement o f the LO's signal is implemented to align the phase o f the 
received signal. This is o f course difficult to implement in practice because the phase 
matching in the field is subject to a time variant. For all cases o f coherent detection in this 
thesis homodyne detection was employed in the simulation.
Thus the frequency o f the local oscillator signal is assumed to be the same as the 
frequency the BPSK signal. The focus o f the coherent BPSK investigation here is based on 
homodyne rather heterodyne due to the performance improvement (lesser photon per bit 
requirement for detection) and smaller receiver optical bandwidth as compared to heterodyne 
coherent detection (larger bandwidth) [5, 7]. Although an homodyne coherent system 
requires Optical Phase lock loop, the phase locking by an heterodyne system is implemented 
at the electrical stage. Also the line width requirement o f the heterodyne coherent system is 
more tolerant to increase in linewidth o f the local oscillator laser [7,8,9] than to requirements 
for homodyne. The optical field o f the received BPSK signal and the local oscillator signal 
for the coherent mixing are shown in the equations below.
Es =  -j= As [COS{oit +  0 S) — iSin(cot +  0 S)] 2.31
Eio =  -j= Ai0COS(a)t +  0jo) — iSin(a)t +  0 io) 2.32
Es = As[COS(a)t +  0S +  7r) — iSin(a)t +  0 S +  7r)] 2.33
El0 =  Ai0[COS(a)t +  0 lo +  7r) — iSin{(x)t +  0 fo +  n)] 2.34
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The equations 2.31 and 2.33 represents the received PSK signals at the outputs of 
the coupler i.e the former for the in-phase and the later for the out of phase. Also 2.32 and 
2.34 represents the local oscillator signals (in-phase and out o f phase) at the outputs o f the 
coupler (3dB) coupler. Balanced detection is deployed by mixing o f the PSK signal (in- 
phase) and the local oscillator's signal (in-phase) at the constructive port and the destructive 
port has the interference o f the out o f phase signal of both the received BPSK's signal and the 
local oscillator's signal.
At the photodetector the difference between in-phase component (sum o f the two in 
phase signals (PSK and local oscillator)) and out o f phase component (sum o f the two out of 
phase signals (PSK and local oscillator)) is used in obtaining an electrical decision variable.
Ps  =  kA s2 2.35
P io  =  k A l02 2.36
P c =  k\Es + El0\’ 2.37
P t  =  P s +  P ,o  +  2 j P s Pio COS (e s -  e l0) 2.38
P t  =  Ps  +  P io  +  2 ^ J Ps P t0  cos((e>s — (l>i0 ) +  ( f i s — e l0) )  2.39
The equations 2.35 and 2.36 represents the optical powers for the PSK and local 
oscillator signals, where K is the constant of proportionality and equation 2.37 represents the 
power incident at the photodetector, which responds to changes in optical intensity. The 
equation 2.38 and 2.39 represents the total optical power incident at the photodetector for 
both homodyne and heterodyne PSK detection. The difference in the equations is that o f the 
change in angular frequency which for an homodyne detection is null and for heterodyne 
detection is in the range o f some few Giga Hertz bandwidth.
aijF = (*)s — 0)io 2.40
Where o)IF is the intermediate frequency, a)s is the PSK signal's angular 
frequency and o)to is the local oscillator's angular frequency where cos and  u>Joare given as 
2n fs and 2 n f io , thus for an heterodyne detection the intermediate frequency is in the range 
o f 0.08 to 6GHz. Within the context o f this investigation in offset filtering o f Phase 
modulated format in narrow filtering regimes the extra demand o f the heterodyne detection in 
its inhert extra bandwidth is excessive and detrimental to basis o f our investigation. Thus in
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this research concentration o f the impact o f offset filtering in a TOF regime is investigated 
via homodyne PSK detection.
The photocurrent at the detector is given as a product o f responsivity and sum o f the 
powers of the local oscillator and PSK signals.
It = R(PS +  Pt0) +  2RyjPsPlocos{(ps -  (pl0) 2.41
Thus for an homodyne detection the transmitted data is contained in the last term o f the 
above equation (phased dc component) which implies for a perfect homodyne detection 
where PLL is deployed the last terms will be 2RyjPsPlocos{(ps — <plo) where Plo »  Ps. 
Having amplitude and phase components. Unlike the heterodyne detection which has 
amplitude, phase and frequency components in the resultant photocurrent generated at the 
detector
It = R(PS + Pt0) +  2Ry/PsPi0cos(coIf +<ps -  (pio) 2.42
Although the difference in equations 5.1.17 and 5.1.18 are the intermediate 
frequency components o f the heterodyne, the first part o f both equations can be eliminated 
with bandpass filters, thus the remaining part o f the (last part) o f both equations where the 
difference in intermediate frequency component make the heterodyne part ac but the 
homodyne is dc.
There is a 3dB penalty inherent in the square o f the photocurrent (heterodyne)
dependency on the last past o f the equation due to the mean o f cos2(p =  ^ over a period o f (p.
Thus in comparison o f ideal homodyne and heterodyne detected PSK there is a factor o f 2 
improvements in homodyne detection. The realization o f ideal homodyne PSK detection as 
compared to heterodyne PSK detection is more difficult due to stricter phase locking and 
linewidth concerns.
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2.5: QPSK modulation format.
The QPSK system is essentially a 2 PSK system with phase shift in the carrier signal o f  
one o f the tributaries o f ninety degrees with respect to the other. The transmitter structure is 
similar to DQPSK but the difference between QPSK and DQPSK is the demodulation. QPSK 
system deploys a synchronous receiver while the DQPSK system deploys an asynchronous 
receiver. The symbols for QPSK can be represented by the below equation for the symbol 
constellation in terms o f  the carrier wave used to generate the four different phases,
sn =  yj2Eb/T b cos((27r/ct)  +  -  (2n — 1)), where n =1, 2, 3 and 4 2.43
4-
Thereby giving rise to 4 different phases with 71 phase difference between each
tributaries and a n  phase difference within each tributaries i.e. the Inphase and the Out o f 
Phase.
( ± ' ^ / 2 , ± ^ rs/ 2 )- 2.44
Figure 2.12: Signal constellation for QPSK modulation format.
The probability o f  error for a QPSK modulation format, is the same with PSK (for case o f
transmitting 1 or 0 bit and receiving a 0 or 1 bit) is given as
Pe =  \  er fc  or Q
The symbol error rate for QPSK is worse than PSK due to the increased number o f
symbols inherent in QPSK.
Ps = l - ( l - p „ )  o r « 2 Q  &  2.45^ /v0
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2.5.1 QPSK modulation and demodulation
The modulation and demodulation o f QPSK is similar to PSK as shown in the previous 
section but for the additional phase modulation at the transmitter. This additional phase 
modulation is at an offset o f ninety degree to the initial phase modulation and both tributaries 
are transmitted at half the data rate o f an equivalent PSK system. In comparison to DQPSK 
systems the main difference in the modulation o f QPSK system is that the an exact phase 
difference is deployed for QPSK systems, while phase difference between successive bits are 
deployed for the DQPSK systems.
Just has PSK systems have difference forms via homogenous and heterogeneous, 
same is applicable to QPSK systems.
2.6: 50GHz grid Channel Spacing.
WDM systems mainly use 1550nm wavelength region for two main reasons; low loss 
window (0.2dB/km for SMF) and by co-incidence o f nature the excellent amplification 
window of the EDFA exists with region. ITU standardize WDM systems on a frequency grid 
centred around 193.1 THz as seen in the figure below illustrating the 100GHz and 50GHz 
equal channel spacing. WDM systems are centred on a convention band (C-band) 1530nm to 
1565nm, also interestingly with the advancements in optical amplifications at 1565nm to 
1625nm the L band is becoming prominent, and thus increasing the range for WDM channel 
deployments’.
The impact o f this standardization by the ITU is that it has enhanced components 
manufacturing suited for specific frequency grids. As WDM systems increases the data 
capacities, the flexibility o f installed/upgraded systems can also be increased by Optical 
Add/Drop Multiplexers (OADM) using WDM to split and combine specific optical 
wavelengths. The consequence o f reconfigurable optical add-drop multiplex ROADM at 
optical nodes is that as more optical filters are deployed the net-optical bandwidth at the 
receiver becomes more narrowed.
This narrow effect especially within a 50GHz grid that is situated with the channel 
spacing available in a 50GHz grid with a lOGb/s data rate leads to signal degradation due to 
the tight optical filtering imposed penalty. The net filtering bandwidth at the receiver is 
typically within the neighborhood o f 32 to 37GHz optical bandpass depending on the number
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o f concatenated filters or cascaded WSS. Thus with 5 cascaded WSS the net bandwidth is 
around 35GHz for a 3rd order Gaussian filter [19].
50G H z 50G H z50G H z
193 .2 193.15 193.1 193.05 1 9 3 THz
1551 1552 1553  1553 1554  nm
Figure 2 .13; The 50GFIz ITU frequency grid based on reference l93 .lT H z.
2.6.1: Optical Filters
Optical filters are vital components o f  optical transmission systems, in that they are the 
basis on which multiplexers (MUX) and demultiplexers (DeMUX) are built in achieving a 
wavelength division multiplex (WDM) channel transmission. The important functions o f an 
optical filter are selection o f specific transmission wavelengths/desirable wavelengths at the 
receiver, optical noise filtering (amplified spontaneous emission-ASE) and equalization o f 
gain. The following attributes are vital for the effectiveness an optical filter in DWDM 
systems.
1 low insertion loss.
2 High tolerances to temperature, humidity and vibrations.
3 Polarization insensitivity.
4 Flat bandpass, to guarantee wide tuning range.
5 Low cost.
6 Negligible crosstalk to prevent interference from adjacent channels, this can be 
accomplished by deploying sharp (steep) filter edges (skirts).
7 fast tuning response o f  the filter to minimize the access time
There are several types o f optical bandpass filters; either having their operational physical 
mechanism based on optical interference or diffraction or dispersion.
39
2.6.2: Narrowband-optical filtering
This section discusses the impact o f optical narrowband filtering, i.e. a transmission 
impairment that typically occurs in an optical transmission network. An optical network 
requires that the transmitted optical signals travelling through the network has the flexibility 
to pass multiple optical add-drop multiplexer (OADM) and photonic cross connects (PXC) 
nodes along the transmission link [38]. An OADM compromises different optical sub-systems 
to realize wavelength switching. Generally, the WDM spectrum is de-multiplexed in order to 
stop specific WDM channels and allow other WDM channels pass through. This can either be 
achieved with via a wavelength selective switch (WSS), which can be a AxB switch, with A 
and B are the number o f  input and output ports, respectively. Typical examples are 1x4 or 1x9 
WSS. A WSS is generally realized using micro-electro mechanical system (MEMS) 
technology [39].
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Figure 2.14: Transm ittance o f a 50GHz WSS with 3dB bandwidth of43G H z (20dB bandwidth o f 59GHz) and 
the narrowing effect o f  several filters [37].
The wavelength de-multiplexing that occurs in via OADM gives rise to spectral filtering 
o f the WDM channels. Importantly in optical networks where several concatenation o f
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OADMs occurs this can lead to the effective bandwidth at signal receptions been narrowed to 
percentages o f the original deployed spectral spacing's.
The figure 2.14 above shows the measured transmittance o f  a state-of-the-art WSS, 
which has a (single-pass) 3-dB bandwidth o f 43-GHz on a 50-GHz ITU grid. When the 
measured transmittance is cascaded several times to replicate cascaded filtering, the 3-dB 
bandwidth is reduced significantly, as depicted in figure 2.14. This indication that on a 50- 
GHz ITU grid, the available 3-dB bandwidth is approximately 35-GHz when a realistic 
number o f 3-4 ROADM/PXCs are passed through along the transmission link. This 
bandwidth 35 GHz is therefore a realistic bench-marking in determining if  a given modulation 
format can be deployed within 50-GHz grid channel spacing.
2.6.3: W avelength Division M ultiplexing (WDM).
To characterize a WDM signal, the signal wavelength or frequency can be used 
interchangeably. The wavelength (A) and frequency ( / )  are related by the equation 
c = fX  2.46
Where c denotes the speed o f  light in space, which is 3 x  108 m/s.  However the speed o f 
light in fiber is actually lower than the above but closer to 2 x 108 m/s .  Wavelength is 
measured in units o f nanometer ( n m , l n m  = 10 -9 ) or micrometerC/^m 1 fim = 10 - 6 ). 
Frequency is measured in hertz (Hz, cycles per second) and prominently megahertz (MHz),  
gigahertz (GHz), and terahertz (THz),  are used in optical communication. Thus using 
equation 2.46, 1.55^m corresponds to a 193.1 THz.
WDM - Wavelength Division Multiplexing
White Light
Glass Prism Glass Prism
Each "coloured'’ wavelength represents one WDM channel 
Multiplexing of separate signals on same fiber
Figure 2.15: Illustration o f optical wavelength division dem ultiplexing and m ultiplexing [35].
Channel spacing which is essentially the separation between two wavelengths or
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frequencies in a WDM system is also very important. The channel spacing o f a WDM system 
can be derived by differentiating the equation 2.11 to get a relationship between change in 
frequency A f  and change in wavelength Aa which is given below as
At a wavelength o f 1550 nm  channel spacing’s o f  0.8, 0.4, 0.2 and 0.1 nm  corresponds to 
100, 50, 25 and 12.5 GHz. These are typical spacing’s specified on the ITU grid for WDM 
systems.
However with the advancements in the technology o f optical fiber amplification via 
EDFA (Erbium Doped Fiber Amplifiers) which by coincidence o f  nature had an almost flat 
gain bandwidth o f  about 32 nm  within the C band wavelength which also coincides with the 
low loss fiber window. Thus enhancing prominence o f WDM systems, in that with 100GHz 
channel spacing in the 32nm gain window o f the EDFA simultaneous transmission o f 40 
channels is possible via the bandwidth gain flatness o f the EDFA.
WDM technique is an effective and economic way o f increasing system capacity in 
optical fibers. In that several signal wavelengths are transported in a single fiber without the 
added cost o f additional optical fibers. This thus gives rise to techniques for combining 
several carrier wavelengths in one fiber at the transmitting point and separating these different 
wavelengths at the reception points.
There are several optical components available in practical systems for implementing 
carrier wavelength multiplexing and demultiplexing, Ranging from reconfigurable optical 
add/drop multiplexers (ROADM), optical crossconnects (OXCs), arrayed waveguide gratings 
(AWG), to wavelength selective switches (WSS). These multiplexing and demultipexing 
technology are based on the principle o f interference and dispersion i.e. different wavelengths 
travels with different speeds that enhances the separation o f  the different carrier wavelengths 
as WDM channels are transported via a medium which has a change in refractive index, as 
seen from the figure 2.15 above.
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Figure 2.16: Schematic diagram o f a reconfigurable add-or drop m ultiplexer based on optical switches [35].
The figure 2.16 above shows the schematic diagram of a ROADM An ROADM takes in an 
input signal at multiple wavelengths and specifically drops some o f these wavelengths while it 
passes other wavelengths. Also an ROADM adds wavelengths to the outgoing signal. OXCs 
essentially perform the function same as an ROADM but they are larger in sizes and have 
larger numbers o f ports compared to ROADM
input
aperture
output^
aperture FPR
object
plane image
planeFPR
transmitter
waveguide
Figure 2.17: Schematic diagram of a w aveguide-grating dem ultiplexer [36],
The figure 2.17 above showing the schematic diagram o f a typical AWCi that is employed 
in a WDM network. The Arrayed-waveguide Grating is an optical de -/multiplexer that can 
be used for both combining and separating (filtering) WDM channels. The incoming light at 
the transmitter waveguide transverses a free space and enters a bundle o f optical fibers, with 
different lengths and thus different phase shifts are applicable to the different gratings 
(periodic structures). Phase shifts in an optical signal are wavelength dependent, because the 
different frequencies o f  the WDM channels travel with different speeds (frequency 
dependence on propagation constant). The separated wavelengths converge at the output 
aperture and are separated into different fibers at different wavelengths. The reverse process 
from the image plane to the transmitter also represents a multiplexing process. The main 
characteristic o f  a practical AWG are low insertion loss (<6dB), good extinction ratio 
(>20dB), compatibility, can combine channels at 200, 100, 50GHz and can split/combine up 
to 80 channels at a 50GHz channels spacing.
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For modeling purposes in these investigations the optical filtering shall be based on 
Gaussian filters. The objective o f each o f the listed filters is to pass selected frequencies while 
attenuating other frequencies simultaneously, flat bandpass and good stop bands. Another 
inherent attribute o f some frequency period filters are also to shape the spectrum of the signal 
to achieve a specific shape that are tolerant to certain impairments by controlling the 
bandwidth and filter orders (Gaussian filters), i.e. In the presence of dispersion in optical 
modulated systems, optical filtering can be used to achieve a duobinary spectrum: which is 
known for its very narrow spectrum relative to other modulation formats or signal formats. By 
delaying a DPSK signal that is fed to 3dB coupler and then constructively interfering the in- 
phase signal with the delayed signal at the constructive port. Vice versa is implemented at the 
destructive port to achieve an alternate inversion spectrum. Both the duobinary and the 
alternate mark inversion spectrum have their different performance sensitivities under 
different optical fiber mitigating conditions.
Just as band-limiting filtering can be used in optical communications systems to 
increase the spectral efficiency o f the system, offset filtering can also be deployed to improve 
SE. Unlike band-limited filtering where the carrier wavelength is maintained on the channel, 
offset filtering is implemented by displacing the carrier wavelength from the channel center. 
The impact o f offset filtering becomes very significant as the channel spacing reduces.
While duobinary is known for its improved tolerance to dispersion [12] due to its narrow 
spectra extent and the AMI has improved tolerance to fiber non linearity induced distortions
[12] due to its inherent alternating phase reversal which enhances suppression of power. Most 
importantly Gaussian filters are modeled in these investigations, due to its versatility in the 
different shaping derived from 1st order to higher order Gaussian filters. The transfer function 
o f Gaussian filter is as defined below:
/ ( „ )  =  exp ( - i f  ( ^ ) 2n). 2.48
Where the c f  represents the centre frequency o f the filter, v  represents the frequency offset of 
the filter, bw  represents the3dB bandwidth and n  is the order of the Guassian filter.
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1 st order G uassian Filter  
2nd order G uassian Filter  
3rd order G uassian Filter 
4th order G uassian Filter
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Figure 2.18: Plot o f the normalized am plitude for a 35GHz 3dB bandpass against relative frequency (THz), for 
different orders o f Gaussian filters. 1st order -  blue line, 2nd order-red line, 3,d order-green line and 4th order- 
purple line. .
The order o f the filter depends on the steepness o f  the filter skirts, where n > 2 is for 
higher order Gaussian filters. From simulation perspective it is more comprehensive to deploy 
several orders o f Gaussian filters on different modulation format so as to understand the 
impact o f different multiplexers/demultiplexers, interleavers or array waveguide grating on 
real systems. First order Gaussian filters due to its gentle edges have better performance than 
higher other Gaussian filters in scenarios where dispersion is absence and for single channel 
transmission. But for (WDM) channels the higher order Gaussians filters have better tolerance 
to cross talk from adjacent channels, its steeper edges also induces better noise rejection than 
the first order Gaussian filters.
However recent advancements in the developing optical filters has been reported in
[39], such that the signal shaping is much more flexible as compared to the former scenario 
where the limitations imposed on simulation process only permits that 3 rd to 4th order 
Gaussian filters are modelled to emulate OBPF that are available in practical system.
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2.6.4: Mach Zehnder Interferometer.
A MZI is made by connecting two 3dB couplers together, such that the two output of 
the first coupler feeds the two inputs o f the second coupler. An incoming light is split into two 
paths by the first coupler such that one path has the in-phase signal and the other path has the 
out-of signal, subject to the difference in path length o f the coupler's output arm. Thus the 
incoming signal is divided into parts as a function of the coupler's coupling ratio. Thus for 
50/50 coupler the intensity o f the signal is split into two equal parts.
But the phase difference and original phase difference of 11 fa  between the two split 
signals. There is a further phase lag o f /?VL between the two arms of the MZI. This phase lag 
is a function o f the difference in path length. If the path length is the same then the phase o f 
the signal at the arms o f the MZI are exactly the same (in phase). But for the design o f the 
MZI which is needed in phase modulation to convert phase to intensity, filtering purposes and 
in some special cases signal equalization; the path length o f both arms o f the MZI are 
different. Such that the signal at the output port 1 (constructive port) o f the MZI has a signal 
with a phase o f /?VL -I- n  and a signal phase o f /?VL at the (destructive port) output port 2. 
Thus the phase difference between the two output ports 1 and 2 is a n.
Thus if PVL = k n t where k is an odd number then the signals at the output port 1 of 
the MZI interfere constructively (added together). Then for k been an even number the 
signals at the output port 2 o f the MZI interfere destructively (subtraction). Since the relative 
phase shift been the two arms is wavelength dependent, then the transmitivity is also 
wavelength dependent: the transfer function o f the MZI can be expressed as
7>(m z /) =  \H (v )\2=cos2(nvr).
Where T/(mz/) is the MZI transfer function, v  is frequency o f the signal and r  is the time 
delay (relative) between the two arms o f the MZI. The interferences at the constructive and 
destructive ports o f the MZI converts phase modulation to intensity modulation, this is 
important as the 2 photodetectors located after the MZI do not respond to phase modulation 
but to intensity modulations.
The significance o f the correlative coding formats that are located at the outputs o f the 
MZI, PS-AMI and PS-DB. Aside the conversion from phase to intensity modulation, the MZI 
actually acts as a band pass filter, due to its frequency dependent transmission characteristics. 
The relative delay introduced by the longer arm o f the MZI, can also be utilized in partially 
compensating for GVD, this is due to the fact that this delay is opposite to the delay 
introduced by the optical fiber (smf) anomalous-dispersion (13). Thus unlike the optical
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bandpass filter the MZI is signal Amplitude, frequency and phase dependent (complex).
2.7: GNLSE.
The optical transmissions in these research investigations are modeled by the 
generalized non linear Schrodinger equations GNLSE [20].
t -^  +  1-P2^ r;--A = y\A\2A 2.49
d z  2 ^ z 2 d t 2 2 1
The numeric integration o f the NLS is done by estimating the impact o f the linear 
(chromatic dispersion) and non linear (self phase modulation-SPM) fiber impairments on the 
propagated optical signal, which is solved by deploying the symmetrized split step Fourier 
method.
Most o f the works in this investigation were based on the linear fiber impairments, 
although in the concluding chapter (7), some investigations is done to evaluate the impact o f 
the contributions o f these researches on long haul transmission solely from the DPSK 
perspective while envisaging the impact o f the research on other phase modulated formats. 
The calculated Q factor, eye diagrams, signal spectrum were deployed in evaluating the 
performance o f high speed offset filtered phase modulated systems.
2.7.1 Optical Signal to Noise Ratio (OSNR)
OSNR is one o f the several performance monitoring tools that are essential for 
evaluating the performance an optical communication transmission system. The Q factor, 
BER and eye opening o f the eye diagram are some o f the other important performance 
indicators. OSNR can simply be defined as ratio o f optical signal power to (ASE) noise 
power.
In a WDM system BER and Q factors cannot be measured without actually 
demultiplexing all the individual (desirable) channels to make a realistic evaluation. However 
the OSNR can be derived from each channel o f a WDM system via the optical signal 
spectrum. Thus OSNR offer a simple and indirect performance evaluating tool for optical 
signal transmission.
Although the OSNR does not give a perfect indication as to the performance o f an 
optical transport system, however it can be directly correlated to the BER performance o f a 
system, using the equation below
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BER(OSNR) =  ^ C . e x p  d t  2.50
Also OSNR is related to Q factor by the relationship below which can further provide an 
indicator as to the BER performance o f the system.
2.51
It must be noted that in all the Q calculations employed in this thesis a fixed ratio of 70%
of the optical bandwidth is maintained for the choice o f the electrical bandwidth.
Where QdB represents Q factor in dB, B0 represents signal optical bandwidth and Be 
represents the electrical bandwidth. OSNR somewhat gives an estimate o f the Q factor 
performance, Q factor and BER are directly proportional as will be shown in the next section. 
A low OSNR is indicative o f high BER and high OSNR translates to low BER, but still the 
OSNR does not account for the impact o f the temporal impairments. However the value o f 
OSNR offers a preliminary performance diagnosis o f a multichannel system or initial 
indication o f BER degradation [6]. Also the use o f the OSNR in conjunction with Q factor, 
eye diagram and BER calculation enhance comprehensive evaluating tools for the 
performance of optical communication systems in the presence o f both linear and non linear 
impairment.
The ASE added via the optical amplifiers in an optical transmission link invariably 
ultimately limits the reach o f the system. The OSNR of an optical communication 
transmission system can be expressed as shown below.
? A S E
Where PSignai represents the power o f the optical and Pase represents the ASE noise 
power. The PASE is also given as 2n sp(G — i ) h v V f
Where n sp is the amplifier spontaneous emission factor (population inversion) that is
NF
given by 0.5 x  10 io, G is the gain o f the amplifier (The amplifier gain G is substituted with 
the fiber span loss aLspan under the assumption that the gain o f each amplifier is equal to the 
span loss), h is Planck’s constant given by 6.626 x  10-34 , v  is the optical frequency 193 
THz, and V / is the bandwidth that measures the NF (it is usually 0.1 nm)
O SN R = P signa l 2.52
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2.7.1 Q factor and Bit E rro r Rate (BER).
The Q factor can be defined as the measure o f fidelity o f  the optical system 
transmission or simply measure o f  eye diagram opening. The eye diagram for optical 
communication system is the superposition o f  the individual bit boundaries o f  the transm itted 
signal (time domain), thus giving an overall view o f the system performance as seen in the 
opening (or closing) o f the eye, or the contribution o f  the ASE noise as evident with the 
standard deviation from the mean o f the respective intensities o f l 's  and 0 's
a i  Im
Figure 2.19: Schematic diagram o f an eye diagram [39].
The eye diagram allows very long data patterns to be easily visualised and can thus aid in 
determination o f the quality o f  the transmitted signal. Importantly the Q factor (Q value) also 
gives a good estimation o f  the BER using Gaussian statistics.
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Figure 2.20: PDF with Gaussian distributions [40].
The relevance o f  the threshold (decision) level as shown in figure 2.19 is to determine 
whether a “ 1” or “0” bit has been transmitted. The decision level is a region between the 
points o f intersection o f  the two PDF shapes, the exact point for the optimum is determined by
symmetricity (identical) or asymmetricity (dissimilar) o f  the two PDF, i.e. for similar PDF
shapes for ‘‘0” and “ 1” the optimum decision level will be exactly at the intersections o f  the
two PDFs. Thus the need to vary the decision levels for every simulation investigations so as
to increase the degree o f accuracy in the calculated “Q factor7'
There are certain conditions where “077 can be detected as “ 1” or“ l 77 is detected as “O'7, 
the probability o f  misinterpretation is shown in figure 2.20.
The probability o f  error = P[0]P[110] +  P [1 ]P [0 |1 ] 2.53
P[0] = Probability a 0 was transmitted
P [1] = Probability a 1 was transmitted
P [1 10] = Probability a 1 was received when a 0 was transmitted
P [0 11] = Probability a 0 was received when a 1 was transmitted
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Figure 2.21: Optical eye diagram and PDF with Gaussian distributions [40].
Assuming that the signal distributions are Gaussian, the Q-factor can also be expressed 
in terms o f BER and vice versa. Going back to the definition o f  the Q-factor to understand 
how it relates to the BER. The difference in the mean values produces the vertical eye 
opening. The higher the difference (eye opening), the better the BER will be as the two bell 
curves drift away from each other and have less overlap. This difference is divided by the sum 
o f the noise distributions (standard deviation) which are illustrated by the width o f  the bell 
curves. Increases in noise result in more overlap in the two bell curves resulting in a higher 
BER.
Importantly when OSNR is high (i.e.) 20dB BER is very low, but Q value calculations is 
more reliable than BER estimations using the exact detection statistics from the Karhunen- 
Loeve series expansion (KLSE) or the error counting model (M onte Carlo) calculated in a 
simulation with high OSNR. In a low OSNR regime Q factor are more qualitative than 
quantitative, but overall despite the excellent agreement from the Q factor modelled with
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Gaussian approximation in these research investigations and reported simulation , 
experimental investigations on DPSK systems [18, 21, 23] , DQPSK systems in [30, 31, 32]. 
It must be noted that the absolute value o f the Q values are not important rather the change in 
Q values is much more significant in the simulation investigations implemented with 
Gaussian approximation. This is because the error becomes very high and Q values are more 
qualitative than quantitative, the Q values overestimate the BER performance o f  DPSK 
systems.
The BER assuming Gaussian noise can be written as BER = ~ ^ ^ .exV [~f“] 2.57
Thus a Q value o f 6 and 7 are equivalent to a BER o f 10-9 and 10~12 . It is conventional in 
most optical communication systems to operate around the forward error correction (FEC) 
limit which is around 3.8 x 10 -3 which is around a Q value o f 2.7 (8.5dB). Most optical 
communications systems employ a FEC overhead o f 7%, in this research a 7% overhead is 
always deployed for the investigations o f  40Gb/s data rate. Thus 42.7Gb/s data rates are used 
in majority o f  these research investigations.
The Q factor calculated with the Gaussian approach [21] has been widely criticized 
has been qualitative in evaluating the performance o f phase modulated formats [22], while the 
exact approach has been more quantitative. However in view this observation it must be noted 
that Gaussian approximation provides very good estimates o f the calculated Q factor derived 
from the exact approach [23, 24, 25] provided certain configuration measures are enshrined 
i.e. the ratio o f optical bandwidth to electrical bandwidth must be keep within the 
neighborhood
15
14
13
12
11
0 10 20 25 305 15
Filter offset (GHz)
2.22: Q values (dB) plotted against filter offset (GHz) o f 35GHz OBPF 42.7Gb/s RZ-DPSK with different 
PRBSs 2 7 is represented as blue line, 29 is represented as red line and 2 11 is represented as the green line.
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o f  70%, the decision level must be varied for all the calculations to derive the best Q 
performance, pattern dependency must be avoided by implementing several bit sequence, to 
confirm convergence, varied decision levels for optimum performance, the number o f points 
per bits should be as large as possible. In all the simulations in this investigations 128 points 
per bit and 100 runs to average the calculated Q was deployed. Both 29 and 211 PRJBS were 
employed separately, also 2 7 PRBS with 256 points per bits, 1000 runs to average the 
calculated Q values were deployed as a measure o f  confidence to confirm random points on 
each plots as shown in figure 2.22 .
Thus in all the numerical investigations in these research the above guidelines were 
conformed to and the resulting performance o f  the calculated Q were in excellent agreement 
with similar numerical investigations that have been published [18, 30]. It is important to 
consider that the absolute value o f  the Q value is not important performance measure but the 
change relative change in Q values as different parameters are measured (i.e. chromatic 
dispersion, filtering penalty etc).
2.8: Chapter 2 Summary.
In this chapter the impact o f fiber loss (ASE-noise), chromatic dispersion and narrow 
filtering performance penalty has been reviewed. Different optical phase modulation formats 
were also described in this chapter. The advantages and disadvantages o f these different 
modulation schemes were also reviewed. Also different demodulation strategies and 
components were presented. The GNLSE software deployed for this research investigations 
was also introduced, whilst analysing the pros and cons o f using Q-values calculated via 
Gaussian approximations.
The review o f the linear impairments, different phase modulated formats, 
demodulation techniques and introduction o f the numerical modelling tools in this chapter 
were to enhance the understanding o f performance of optical phase modulated formats in a 
strongly filtered regime, such that the performances of phase modulated formats can be 
accurately estimated in the presence o f different impairments and comparative advantages of 
different demodulation techniques can be deployed to reduce the inherent performance 
penalty in a strongly filtered regimed. Thus the impact o f the different phase modulation 
variants and impact o f optimized offset filtering stratagies will be deployed in a strongly 
filtered regime in subsequent chapters.
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Chapter 3
Tight Optical Filtering of 40Gb/s DPSK modulation
format in a 50GHz Grid
3.1 Introduction:
The main objective o f this chapter is to present modelled results on the impact o f 
offset filtering on a 40 Gb/s DPSK system within a tight optical filtering (TOF) regime. A 
tight (strong) optical filtering regime for 40 Gb/s DPSK system is encountered in a 50 GHz 
grid. Alternative strategies that can improve performance o f the transmitted 40 Gb/s DPSK 
signals at the receiver i.e. offset filtering (vestigial sideband filtering (VSB) or single 
sideband (SSB) filtering) in a 50 GHz grid will be explored in this chapter. Why 50GHz grid? 
This is the available channel spacing in already deployed optical communication systems (10 
Gb/s OOK channels in a 50 GHz grid).
There is evidently a need to employ higher wavelength division multiplexing (WDM) 
data rates (>  40 Gb/s) within this available channel spacing i.e. partial DPSK (PDPSK)
[1,2,3] and differential quadrature phase shift keying (DQPSK) modulation formats via 
polarized division multiplexing (PDM) [4,5,6,7]. These already deployed techniques despite 
their individual merits still have their reasonable limitations in terms o f polarize division 
multiplexing for 100 Gb/s (PDPSK) and OSNR penalty (PDM-DQPSK).
Most modulation formats suffer performance penalties in the presence o f tight optical 
filtering due to narrow-band filtering induced inter symbol interferences (ISI) [8]. However it 
is important to recall from chapter 2 that RZ signal formats has been shown to have better 
tolerance to fibre nonlinearity as compared to NRZ signal formats as data rates increase. Thus 
RZ- signal format with balanced detection will be used in parts o f the investigations on the 
impact o f offset filtering on 42.7 Gb/s DPSK system in 50GHz grid.
There are two important ways to execute tight optical filtering: band-limited (BL) 
filtering and offset filtering. The essential difference between the two TOF strategies is that 
for the BL filtering the two side bands o f the signal are present and for the offset filtering 
less than two side bands are present and could be vestigial side band (VSB) or single side 
band (SSB).
Herein the focus will be on the latter variety o f TOF, where the centre frequency of 
the filter is displaced away from the carrier frequency o f the channel. It is important to note
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that in TOF regimes that the VSB or SSB have shown better performances as compared to 
double side band (DSB). However with a DPSK signal, there are no well defined sidebands 
as compared to OOK. Offset filtering o f 42.7Gb/s DPSK system, will be implemented mostly 
with a 3rd order Gaussian filter unless otherwise stated.
This chapter is organised as follows: section 3.1 is based on the chapter introduction. 
The section 3.2 is based on Partial-DPSK results generated specifically in a 50GHz grid as a 
benchmark for the numerical model deployed in these investigations and also for basis of 
comparison with other demodulation techniques.
The section 3.3 is based on the initial contribution o f this research via impact o f offset 
filtering on the performance of 40Gb/s 50%RZ-DPSK system in a tight filtering regime. In 
(section 3.4) impact o f offset filtering on 40Gb/s 50%RZ-DPSK system in the presence of 
chromatic dispersion results are presented.
Section 3.4 presents the impact o f a Novel filtering design based on the results 
generated in section 3.4, introducing OBPFs at the constructive and destructive port o f MZI. 
Although the performance improvement results generated in section 3.4 were marginal as 
compared to PDPSK, the results for the Novel filtering design were comparable to PDPSK 
results. Section 3.5 also focuses on modifications to the novel model, to a more practicable 
model that could be implemented in real systems by detuning the laser.
The section 3.6 presents results based on the performance o f Offset filtering at the 
destructive port in conjunction with PDPSK in a strong filtering regime The section 3.7 
presents the summary o f the chapter 3 and section 3.8 references for the chapter 3.
Thus faced within a scenario (TOF) where the need to deploy and improve higher data 
rates ( > 40 Gb/s) within a limited channel spacing (50GHz grid) and limited electrical 
bandwidth there is a need to explore the inherent induced modulation formats (AMI or DB) 
techniques available at the receiver due to symbol correlations. Thus the induced modulation 
formats could possibly be further exploited to improve the DPSK systems’ tolerance to 
polarization multiplexing thereby ensuring > 100 Gb/s deployment in a 50GHz grid from the 
receiver perspective. The DPSK modulation format due to its increased symbol spacing has a 
3dB OSNR advantage as compared to OOK modulation format [9,10]; this is largely due to 
the balanced detection advantage o f the DPSK modulation format over the OOK modulation. 
The 3dB lower OSNR requirement o f the DPSK modulation over the OOK modulation for 
the same average power for same bit error rate (BER), enhances better tolerance to fibre 
nonlinearity and eventually extend transmission reach by a factor o f 2. Most importantly cost
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o f demodulating encoded DPSK signals is relatively cheap as compared to coherent PSK 
where a local oscillator (LO) is needed to demodulate the encoded PSK signals.
The simplicity o f the DPSK is a major strong point as opposed to the complex and 
difficult to realise phase tracking (in practical systems) o f the Homodyne PSK, also the laser 
linewidth requirement o f DPSK is much more relaxed as compared to Homodyne or 
Heterodyne PSK detection [11]. The less stringent laser linewidth requirement o f DPSK is 
not just an added advantage, but also the fact that there is no need for an additional laser 
source at the demodulating stage, which would have required that stability is maintained 
between the transmitter and receiver (LO) laser linewidths. Thus DPSK offers a cheap and 
performance sensitive solution for demodulation (phase referencing between two adjacent 
transmitted bits) o f phase encoded modulation format.
Although the performance o f DPSK systems is less than BPSK systems [12,13], the 
relative ease and cost in demodulating DPSK systems makes it more prominent. The 
improved sensitivity o f the DPSK modulation format that can be derived at the receiver for 
strongly filtered regime PDPSK or by replacing the MZI with a single narrowband optical 
filter [14,15] make DPSK reception very important in the sense that by carefully managing 
and optimizing the inherent phase attribute o f the DPSK signal (3dB OSNR advantage) and 
the inherent correlative coding format (memory subdivision o f intensity modulation format -  
enhanced spectral shaping) attribute AMI and DB format that are characterized at output 
ports o f MZI;
The DPSK performance penalty incurred in tight optical filtering regimes and 
chromatic dispersion limitations can be alleviated [1, 2, 3]. Also alternative strategies that 
can improve performance o f transmitted DPSK signals at the receiver i.e. offset filtering and 
SSB filtering will be examined .
3.2 Impact of Partial DPSK on a Strongly Filtered 40Gb/s RZ-DPSK system
In this section PDPSK demodulation process will be described, while the impact o f 
free spectral range optimization will also be modelled in a typical 50GHz grid scenario. The 
generated results will be compared with published numerical and experimental investigations. 
It is important to understand the physical reasons behind the performance improvement of 
PDPSK over conventional DPSK systems. Understanding the performance impact o f PDPSK 
most especially in the presence of ASE noise dominated regime, presence o f strong filtering
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and chromatic dispersion can enhance the design o f an alternative demodulation strategy to 
PDPSK.
DPSK modulation format is conventionally demodulated via an optical bandpass 
filter, which can also serve as demultiplexer and with a one-bit delay at the MZI. The MZI is 
based on interferometric application where an incoming signal (phase modulated) is split with 
a 3dB coupler into two parts. The splitting ratio can also be varied subject to a predetermined 
aim. In these investigations a conventional splitting ratio will be modelled. The conventional 
model is a 50/50 coupling process. Thereby each split signal loses half its amplitude, but 
herein data is not modulated in intensity so it does not affect the performance of the system.
The MZI is inserted between the optical bandpass filter (demultiplexer) and two 
photodetectors. The relevance o f the MZI is that a DPSK signal being a phase modulated 
signal cannot be detected by the photodector, since photodetector can only respond to optical 
intensity (intensity modulation). Thus an MZI converts phase modulation to intensity 
modulation. At the MZI the splitting ensures that the in-phase and out-of-phase signals are at 
the two different ports via interference o f neighbouring bits, such that the delay in between 
the two ports o f the MZI is exactly a one-bit delay (23.42ps).
The bit delay being exactly a bit period leads to two different forms o f interferences; 
constructive and destructive interference at the two output ports o f the MZI. A reduction in 
the period is translated to an increase in spectral range o f the signal spectrum and an increase 
! in bit period is a decreased spectral range. But the positive impact o f PDPSK is felt more with 
reduced bit period in the MZI. When there is a less than a 1-bit period delay in the MZI, the 
interference between successive bits results in a partial interference at the constructive and 
destructive ports and thus improves the dispersion performance o f a band-limited DPSK 
system [3, 23].
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Figure 3.1: Contour plot o f Q value in (dB) for % Bit period delay in MZI (ps) on x axis and dispersion (ps/nm) 
on the y axis for 35GHz OBPF 42.7Gb/s RZ-DPSK system.
The interference o f the delayed (< 1 bit period) and un-delayed neighbouring bit results in a 
net bit period reduction at the output o f the MZI. Thus reduction o f  the net bit period gives 
rise to smaller pulse-width (increase in FSR) and this leads to better tolerance to chromatic 
dispersion. Better tolerance to chromatic dispersion in the sense that dispersion leads to pulse 
broadening, and the pulse-width reduction from the optimized delay o f the MZI compensates 
for this undesirable broadening [1,2,3]. Thus PDPSK leads to reduction in ISI.
The contour plots in figure 3.1 gives an illustration o f the performance o f a DPSK and 
PDPSK for a 42.7 Gb/s 50%RZ-DPSK system. The Q-values in (dB) are plotted for 
dispersion (ps/nm) against a percentage delay in MZI. The plot shows that in the absence o f 
dispersion for a 35GHz OBPF, that PDPSK can improve performance by about 4dB (15- 
16dB to 19-20dB) in calculated Q, by decreasing the delay in the MZI from 100% to -70% . 
The performance o f  PDPSK in the presence o f  dispersion can also be seen (figure 3.1) from 
the lOOps/nm dispersion in which a one-bit delay (100% delays) which has a Q (dB) o f  14 to 
15dB is improved to 18 to 19dB with bit delay o f -6 5  to 70% (15.233 to 16.394ps).
The plot (figure 3.1) also shows the performance o f  having more than a bit delay in 
the MZI. This (>100% delay) does not lead to any benefit in the absence o f  dispersion, but 
for example in the presence o f dispersion o f lOOps/nm there is a marginal improvement o f 
ldB for bit delays o f  110 to 120%. The results here (figure 3.1) are for a 2nd order Gaussian
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filter and for a 20dB OSNR, the results are consistent with simulation and experimental 
investigations presented in [1, 2, 3, 23],
The most important abstraction from the contour plot above is that deploying 
PDPSK in a narrow-band filtering regime can result in OSNR recovery as seen in the 
maximum point o f the contour plot which is equal to (19-20dB), which is almost equal to the 
OSNR of the modelled DPSK system.
In some related papers it has been shown that with PDPSK [1,2,3,21] the 
performance o f the receiver within a strong filtering regime, can be improved significantly 
both in the presence and absence o f dispersion. The impact o f PDPSK [22] in presence o f 
dispersion was reported with an RZ-DPSK, resulting in a 12.5% increase in dispersion 
tolerance. Also in [3] PDPSK was reported with 100% increase in dispersion via optimization 
o f optical filtering bandwidth.
The context o f this research is improving DPSK performance within a 50GHz grid. 
So the results reported in [1,2,3,21,22] are o f great important (bench-mark) in designing an 
alternative technique to improving the performance o f a DPSK system in the presence of a 
combination o f  ASE noise, dispersion and [20] fibre nonlinearity limited regime. The benefit 
o f PDPSK is derived mainly from optimizing the delay in the MZI and the optical filtering 
bandwidth. PDPSK without narrow band-limited filtering will result in improved dispersion 
tolerance but an OSNR penalty. The band-limitation imposed by optical filtering can enhance 
ASE rejection o f DPSK system, and thus reduce performance penalty.
The results achieved in [20] with PDPSK alone in the presence o f fibre non linearity 
was marginal, but the performance improvement was significant in the presence o f narrow 
filtering. Analysing the constructive and destructive port o f the MZI in a balanced detected 
DPSK system in the presence o f impairments is essential to get a better understanding o f the 
impact o f PDPSK. When a PSK signal is received with a bit delay the spectrum at the 
constructive port is a duobinary signal and the spectrum at the destructive port is an alternate 
mark inversion AMI spectrum. The duobinary signal is known for its tolerance to chromatic 
dispersion and tolerance to tight optical filtering [3,19]. The AMI signal is known for its 
tolerance to fibre nonlinearity due to the constant phase (n ) changes that results in 
suppression o f pulse to pulse interaction [24], unlike the scenario with a duobinary where an 
odd 0 bit has to be in between the 1 bit for a phase change to occur.
The constant phase change o f the AMI results in nonlinear phase compensation due to 
the net power cancellation at the carrier o f the +1 phase change and -1 phase change o f the 
AMI. Since the constructive port alone has an inherent duobinary spectrum which is tolerant
64
to chromatic dispersion, PDPSK with a balanced detection reduces the pulse width o f  the 
delayed signal (increase in spectral range) which translates to a wider spectrum at the outputs 
o f the MZI if the impact o f the optical bandpass filter is isolated. But in the presence o f 
narrow filtering, there is a resultant net filtering impact o f the MZI and OBPF which is also 
dependent on the roll-off o f  the optical filter and results in more ASE noise rejection.
This results in narrowed spectra o f the duobinary and AMI. The 3dB advantage o f  the 
DPSK can eventually be obtained by optimised filtering and delay o f the MZI with a 
balanced detection. The plot in figure 3.2 shows the Q-value (dB) plotted against chromatic 
dispersion (ps/nm) for different filter shapes and a fixed bandwidth (35GHz OBPF). The 
impact o f a strongly filtered DPSK system can be seen (i.e. without PDPSK in the absence 
and presence o f dispersion). The different filter shapes i.e. V1 order Gaussian filters and 
super Gaussians filters (2nd to 4th order), and their different performances are illustrated. The 
plot indicates that the steeper filters are less tolerant in an ASE noise dominated regime.
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Figure 3.2: Q value (dB) plot as a function o f dispersion (ps/nm) for different orders o f 
Gaussian filters for a 35GHz OBPF, 1st order is blue line, 2nd order is red line, 3rd order is 
green line and 4 th order is purple line.
It is particularly obvious that the best performance o f the different Gaussian OBPF is 
that o f  order 1 having a performance o f  ~18dB and the same filter has a penalty o f  ~2.5dB in 
the presence o f 75ps/nm dispersion. The super Gaussian filters, although having a lesser 
sensitivity in the absence o f dispersion, however do offer better tolerance to dispersion than 
the l bt order Gaussian OBPF. The plot above thus shows the significance o f spectral shaping
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to the tolerance o f some linear impairment. Also comparing figure 3.1 and 3.2, gives an 
insight to performance o f a DPSK signal with optimized filtering and delay in the MZI to 
dispersion tolerance and OSNR recovery.
3.3: Impact of Asymmetrical Filtering on 42.7Gb/s DPSK systems 
Strong Filtering considerations
In this section the performance o f an offset filtered 40Gb/s DPSK system will be 
analysed via numerical simulations in the presence o f a dominant ASE noise regime. The 
offset filtering would be implemented at the receiver. This filtering (offset filtering) has the 
same performance with pre-filtering at the transmitter. Just as band-limited filtering has been 
deployed in several investigations [1,2,3] to improve the performance o f 40Gb/s DPSK 
systems. Herein offset filtering will be deployed to reduce the spectrum o f the DPSK system 
at receiver. These offset filtering will be implemented via balanced and two complementary 
single ended detections, so as to analyse the spectral profiles at the constructive and 
destructive ports of the MZI.
The demand for 40Gb/s has led to the introduction o f phase modulation techniques in 
optical communications. The simplest o f these formats, differential phase shift keying 
(DPSK), is attractive due to its intrinsic improved OSNR performance and tolerance to fiber 
nonlinearity. However one o f the key requirements is that the 40Gb/s channels must be 
compatible with the 50GHz channel spacing used in lOGb/s systems. With DPSK the
I
required filtering robustness can be accomplished using partial DPSK i.e. optimising the 
| delay used in the receiver Mach-Zehnder demodulator [3, 9, 25].
It is however important to investigate other methods to improve DPSK performance 
with the narrow filter bandwidths encountered in 50GHz WDM systems. In this section a 
42.7 Gb/s DPSK system is numerically modelled with a single optical bandpass filter (OBPF) 
at the receiver. In the majority o f the work presented here 35GHz was chosen as the filter 
bandwidth since this is more representative o f the typical overall bandwidth [26] which 
would be encountered in a 50GHz grid system.
In this work the centre frequency o f  the OBPF was offset from the carrier frequency 
o f the channel in order to examine the impact on performance o f this offset. Offsetting the 
central frequency o f the filter normally results in a performance penalty [27,28], however 
these investigations found that an improved performance can be obtained for filter offsets 
which are a large fraction o f  the bit (symbol) rate. This section focuses on this improvement
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which suggests that detuning o f  the transmit laser could result in significant performance 
improvement in the narrow optical filtering experienced in 50GHz spaced DPSK systems.
3.3.1 DPSK Asymmetric Filtering Model.
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Fig.3.3: 42.7Gb/s DPSK Asymmetric filtering modeled.
The system used in the simulations is illustrated in Fig. 3.3. A 29 PRBS is used to drive 
a Mach-Zehnder modulator (MZM) to produce a 42.7 Gb/s DPSK optical signal, which is 
followed by a pulse carving MZM generating a 50% RZ signal. By modeling a longer bit 
sequence or a 27 bit sequence leads to practically the same results as with the 29 used in the 
below figures. Noise is added using the VOA/amplifier combination.
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At the receiver, the DPSK signal is first filtered by the tunable OBPF, the central 
frequency o f which is initially centred on the signal wavelength and moved by up to 30 GHz. 
The signal is demodulated by a Mach-Zehnder interferometer (MZI) with a one-bit delay and 
detected by a balanced receiver. Single ended detection was also investigated in our 
simulations to identify the effect o f offset filtering on the two received signals. The OSNR at 
the receiver was varied from 14 to 22dB. The filter was generally taken as a 35GHz 
bandwidth 3 rd order Gaussian filter and a 30GHz bandwidth 5 th order Bessel electrical filter 
was used following the receiver. In the following the Q-values were calculated assuming 
Gaussian statistics.
3.3.2 Results on Asymmetric Filtered 50% RZ-42.7Gb/s DPSK system (Modelled).
In this section the offset filtering results generated from the numerical model will be 
presented for both balanced and two single ended detection. These results will enable a better 
understanding o f the performance improvement potentials that are inherent at the constructive 
and destructive port o f the MZI for a 35GHz OBPF DPSK system. AMI and DB signal 
format being both a memory intensity modulation format can both be optimised to enhance 
the performance o f phase modulated signalling. Figure 3.4 below shows the calculated Q 
plotted against filter offset for three values o f OSNR. In all three cases the Q-value initially 
rises, and then the performance declines as would be expected, however as the offset 
approaches 20GHz a recovery is observed with a peak value which exceeds the centre filtered 
value. With all three OSNRs the best performance is found with an offset o f 17GHz which is 
half the filter bandwidth which is in turn a large fraction o f the symbol rate. A pronounced 
minimum is found at 22GHz which is about half the symbol rate and a further peak is 
obtained at around 27GHz.
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Fig. 3.4: Q as a function o f offset for a 35GHz filter for three values o f OSNR.
In Figure 3.5 the filter bandwidth is varied for a fixed OSNR. This figure shows that 
there is a range o f  filter bandwidth for which improvement for offsetting is observed in 
DPSK modulation format and that for ~40GHz optical bandwidth the performance 
improvements are observed around 7GHz offset, which is comparable to the result achieved 
with a 45GHz OBPF for 42.7GHz, 67%RZ-DPSK in [29], In another related paper [30] pre­
filtering was deployed in a CSRZ (intensity modulation format) and a similar pattern as seen 
in the graph above was observed.
Further results as will be seen in the later part o f  this section will reveal a better 
understanding o f the underlining physical background for this intriguing performance with 
offset filtering o f a 42.7Gb/s DPSK system. The peak at half the filter bandwidth is 
particularly clearer for filter bandwidths around 35GHz. M oreover the peak at around 5GHz 
becomes more pronounced for narrower filtering and specific filter bandwidths can exceed 
the larger offset peak. A third peak is observed which is only present at large OSNRs.
Thus the advantage o f  offsetting identified here should be understood to be filter 
bandwidth dependent.
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Fig. 3.5: . Q value (dB) against Frequency offset (GHz) for 33 (dashed line), 34 (small dash), 35
(continuous) and 40GHz (dotted), 3 dB filter bandwidth for OSNR o f 20dB.
Fig. 3.6 compares balanced detection performance with single ended performance at 
the constructive and destructive ports for an OSNR o f 20dB. This figure illustrates that, as 
has been noted previously [14], for this strong filter, single ended detection (at zero offset) is 
slightly better than balanced detection under certain conditions [31]. The particular condition 
here is the filter shape, which is a 3rd order Gaussian filter. For a I s' and 2nd order Gaussian 
filter the balanced detection performs better than the single ended detections in a strong 
filtering regime.
Flowever it is clear that the destructive port performance rapidly increases with offset 
so that balanced detection is generally superior to single ended performance. There is an
exception around 10GHz offset where the destructive port alone gives the best Q. The peak
around 17GHz (half filter bandwidth) is only present at the constructive port. It is clear that 
the improved performance at 17GFIz offset is largely due to the signal quality at the 
destructive port where the Q-value has increased by >5dB compared to the centred filtered 
case. The constructive port shows a ~1.8dB penalty when the filter is offset 17GHz from the 
channel wavelength which declines still further for larger offsets. The trend in Fig. 3.4 is also 
obtained for other values o f  OSNR.
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Fig. 3.6:. Q-value (dB) dependence on the filter offset (GHz) for balanced (con tinuous), 
constructive (dashed) and destructive (dotted) single ended detections at both ports o f the MZI for an 
OSNR o f  20dB.
Fig. 3.7, which is a key result o f this section, shows the Q value dependence on OSNR 
comparing the 17GHz offset with a centred filter. The difference in performance between the 
centred filter and 17GHz offset filter is as much as 1.8dB at large OSNR but reduces as the 
OSNR decreases.
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Fig. 3.7: Comparison o f Q value (dB) for centred (solid line) and 17GHz offset (dash line) filter as a 
function o f OSNR (dB) for a 35GHz 3dB OBPF 3rd Order Gaussian filter.
Nevertheless it is remarkable that a significant improvement (~ ldB ) can be observed even for 
low OSNR and the improvement seen here is in complete agreement with results in [30]. It is 
worth recalling that the results presented here could be obtained by detuning the CW laser 
source.
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Fig. 3.8: Optical spectra at the constructive (left) and destructive (right) port o f the centred (A) and 17GHz
offset (B) filtered DPSK.
3.3.3: Discussions on simulation results for Asymmetrical Filtered 50%  RZ-42.7Gb/s
DPSK system.
In order to better understand the underlying reason for the improvements observed in 
Fig. 3.7, it is important to recall the effect o f demodulation on DPSK signals. It is well 
established that the output o f the constructive port is duobinary (DB) and the signal at the 
destructive port is alternate mark inversion (AMI) [19, 31, 32]. DB because o f  its narrower 
spectral width (narrower than AMI spectrum) has superior performance with respect to 
filtering whilst the AMI due to its wider spectral width has lower tolerance to narrow 
bandlimited filtering. The effect o f offsetting is to greatly improve the AMI performance 
whereas the DB performance is degraded to a lesser extent. Thus as expected, there is an 
initial peak in performance as the AMI signal (destructive port) improves with detuning; this 
is observed in these calculations at around 5GHz.
The second and most important peak in performance is at an offset approximately half 
the filter bandwidth. At this offset the DB and AMI spectra can be considered to be reduced 
to something more like vestigial side band (VSB) signalling. It is known that DB may be 
derived from AMI by side band filtering [32]. This alteration is also evident in the spectra 
displayed in fig 3.8 where we see that the destructive port now has a single lobe which is
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characteristic o f  DB. At this point the constructive port spectrum changes to display a side 
lobe [33].
The physical origin o f  the peak in performance at the half filter offset coincides with the 
optimum position for AMI to DB conversion, underlying the mechanism which leads to this 
peak. The tolerance o f  VSB signalling [34] to tight filtering is well known with 
corresponding good rejection o f ASE and it is therefore not surprising that the best 
performance occurs near the optimum for producing such signals from either port.
Fig. 3.9 : Constructive (left). Destructive (middle) and Balanced detection (right) optical eye diagram s for 
the centre filtered DPSK (A) and the 17GHz offset filtered signal (B).
In Fig. 3.9 the eye diagrams for constructive, destructive, and balanced detections are 
compared for 20dB OSNR. This figure shows that the destructive port offset eye resembles 
the DB eye seen in the constructive port in the centre filtered case. The offset constructive 
port is no longer DB but has a more open eye than the contrasting centre filtered destructive 
eye. The balanced eye for the offset case is an inverted form o f  the centre filtered balanced 
eye reflecting the spectral change at the destructive port to a DB signal, confirming the 
logical inverse relationship that exists between the constructive and destructive port o f the 
MZI.
The observed improvement in Q originates from the destructive port becoming DB and 
the constructive port remaining with a relatively good eye. It should be noted that the 
performance o f  DPSK modulation can in principle be improved at the demodulator due to the 
correlative coding format that are inherent at the output o f the MZI. These correlative coding 
formats AMI and DB thus can with appropriate filtering strategies be spectrally shaped to
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The desire to extend capacities o f installed systems, different needs o f the end users 
and cost saving drive by the service providers can be met if the tolerance of phase modulation 
formats to chromatic dispersion and polarization mode dispersion can be improved. In this 
section, via numerical investigations the performance o f strongly filtered DPSK systems will 
be investigated in the presence o f chromatic dispersion by offsetting the centre frequency o f 
the OBPF at the receiver. Chromatic dispersion leads to pulse broadening on the time 
domain, due to different wavelengths travelling with different speeds. This leads to a linear 
phase shift on the spectral domain (frequency chirp) that leads to increased intersymbol 
interference and eventually degrades the sensitivity o f DPSK systems. Thus reasonably the 
impact o f offset filtering on DPSK systems in the presence o f chromatic dispersion should 
result in increased performance penalty. The interesting scenario that evolves at the output of 
the demodulator (MZI) o f a balanced detected DPSK, where DB and AMI (memory signal 
formats) are present might have implications in the presence o f chromatic dispersion.
Most especially when offset filtering has been identified as a filtering strategy for 
converting AMI to DB [32]. The impact o f offset filtering in a 35GHz OBPF DPSK system 
has been [39,40] and offset filtering has been reported to improve system performance largely 
due to a relative beneficial constructive and destructive ports o f MZI . Optimizing the offset 
filtering at the receiver, in the presence o f chromatic dispersion will be implemented 
numerically so as to characterize the performance. O f course this could have implications on 
transmission systems, as a balance between chromatic dispersion effects and fibre 
nonlinearity effects evolves as data rates increase beyond 40Gb/s.
L > Ld ~ Lnl
I
I
Where L is fiber length, LD is the dispersive length and Lnl is the nonlinear length 
in km, recalling from chapter 2 that as the dispersive length becomes comparable to the 
nonlinear length then interplay between GVD and SPM will lead to a unique pulse behavior 
as compared to GVD or SPM alone. The balance or interplay between GVD and SPM 
becomes more rampant as data rate increases and for long haul transmissions. Thus keeping 
in view the interplay between the GVD and SPM in long haul transmissions it will be 
necessary to investigate the impact o f offset filtering at the receiver on chromatic dispersion 
performance o f >  40 Gb/s data rates.
In section 3.4 it was shown that offset filtering can improve the performance o f a 
conventional strongly filtered DPSK system in the presence o f ASE noise [39, 40], the 
improvement seen in the last section was occasioned largely by the offset filtering o f the AMI
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signal [32, 33] at the destructive port o f the MZI, thereby leading to ~5dB penalty reduction 
at the port. However the improved performance from offset filtering in section 3.3 was 
largely due to balanced detection o f two sensitive ports o f MZI having two-memory- 
intensity-modulation formats. Herein (context o f chromatic dispersion) it will be interesting 
to characterize the impact o f the memory (VSB-AMI and VSB-DB) inherent at the MZI 
outputs on the performance o f 40Gb/s RZ DPSK systems in the presence o f chromatic 
dispersion.
3.4.1 DPSK Asymmetric Filtering Model- Chrom atic Dispersion considerations.
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Figure 3.10: System model for offset filtering in the presence o f  Dispersion
3.4.2 42.7Gb/s 50% RZ-DPSK Asymmetric Filtering- Chrom atic Dispersion
considerations results.
In this section the modeled results for the impact o f chromatic dispersion on the 
performance o f an offset filtered 42.7 Gb/s 50%RZ-DPSK system as shown in the figure 3.10 
above will be presented in other to analyze the impact o f balanced detection and the two 
single ended detection in this scenario. The impact o f the changes in the spectral profile at the 
constructive and destructive ports o f the MZI as the filter is offset in the presence o f some 
chromatic dispersion will also be presented so as to understand the physical reasons behind 
the performance evolutions as the filter is displaced away from carrier frequency.
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Fig. 3.11: Q-value (dB) against filter frequency offset (GHz) in the presence o f some chrom atic
dispersions for balanced detected 35GHz OBPF-42.7Gb/s 50% RZ-DPSK system for an OSNR o f 20dB.
The results in figure 3.11 show the Q-value in dB for 50%-RZ-DPSK signals filtered at 
the receiver with a 35GHz OBPF (OSNR o f 20dB) with frequency displacements from 0 
centre frequency to 25 GHz in the presence o f  0, 50, 100 150 and 200ps/nm residual
dispersion. The results shows that the Q values initially rises then falls and then starts to 
ascend again before it reaches an optimum value around 17GHz offset for the case in absence 
o f chromatic dispersion.
The improvement for the 0 dispersion for the optimized ~17GHz offset is around 1.8dB 
improvement over the 0 offset [39, 40]. The improvement for the optimized offset in the 
presence o f  50, 100 and 150ps/nm is ~1.5, 0.6 and a penalty o f  0.16dB respectively over the 0 
GHz offset. The results shows that for dispersions o f  0 and 50ps/nm, the 19GHz offset 
showed the best performance and for higher residual dispersions the 20GHz offset showed 
the best performance till the dispersion increased to 150ps/nm. Despite the dispersions 
benefit o f  offsetting the OBPF from 0 to lOOps/nm, the benefit declines to a recovery in the 
presence o f  chromatic dispersion o f 150 ps/nm. The impact o f offset filtering in optical 
communication systems generally leads to performance penalty.
3.4.3: 42.7Gb/s 50%RZ-DPSK Asymmetric Filtering- Chrom atic Dispersion
considerations results.
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The results shown in the previous section demands a spectral resolution in order to 
understand the chromatic dispersion performance o f a strongly filtered DPSK system in a 
50GHz grid. These spectral profiles will enable better understanding o f an asymmetric 
filtered DPSK system in a more complicated regime that is dominated by the interplay 
between GVD and SPM. Fig. 3.12a below shows the contribution o f the spectra o f the two 
ports o f Mach-Zehnder Interferometer MZI, constructive and destructive port.
The first two plots o f figure 13a shows the presence o f duobinary and alternate mark 
inversion (AMI) signal for the 0 centered filtered system. The spectra in figure 3.12b shows a 
reduction in one o f the lobes o f the AMI now transformed at the constructive port and a well 
vestige AMI signal at the destructive port now having a duobinary like shape.
The improved performance o f the narrow filtered DPSK with optimized offset filtering is 
largely due to the smoother spectral profile o f the spectra at the constructive and destructive 
ports o f the MZI o f the optimized offset filtered DPSK system [25]. The performance of 
strongly filtered DPSK system with the large offset is comparable to that o f the symmetric 
filtering despite the massive reduction in the spectrum o f the offset filtered DPSK system.
This performance in the presence o f dispersion is attributed to spectra at the constructive 
port and destructive port o f the offset filtered DPSK system. At the constructive port the 
initial duobinary spectrum has become vestige to an AMI spectrum. There has been reported 
improvements in sensitivity o f SSB-DCS signaling [32] in the presence of dispersion, also the 
| spectrum o f the initial AMI at the destructive port has become reduced to a more sensitive 
duobinary spectrum [33] although the performance o f the offset filtered DPSK in the 
presence o f  dispersion can generally be termed as comparatively equivalent to the symmetric 
filtered case for dispersions ranging from 0 to lOOps/nm, beyond which the performance of 
offset filtered DPSK is actually a recovery in performance.
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Figure 3.12: (a) Spectra o f the constructive, destructive (conventional filtered) and (b) constructive and
destructive o f  the (offset filtered DPSK. system).
This is largely due to the spectrum o f  the duobinary which is the most sensitive signal 
format in terms o f  chromatic dispersion performance from its narrow spectrum. This is due to 
the duobinary signal’s inherent 3 optical symbol levels (+1,0,-1) used in demodulating 2 
electrical signals. These 3 symbols in a duobinary signal actually interfere; thus in the 
presence o f  dispersion, a 1 bit level interferes with a 0 bit level destructively and thus lowers 
the level o f  the 0 bit signal as opposed to constructive interference that will occur in other 
narrow spectrum signaling, i.e. NRZ.
It is however remarkable that the performance o f a much vestige spectrum could have 
comparable performance to the band-limited duobinary signal (conventional filtering). Thus 
the chromatic dispersion performance o f  an offset filtered strongly filtered 35GHz OBPF 
42.7Gb/s DPSK systems can recover with very large offsets due to relative sensitivity o f VSB 
AMI and VSB DB that leads to further ASE noise suppression and better memory 
performance from the inherent partial response coding that evolves from offset filtering at the 
MZI output ports. Comparing the performance o f  offset filtered 42.7Gb/s DPSK in section
3.3 (ASE noise dominated regime) [39, 40] to the performance presented in this section in the 
presence o f  chromatic dispersion [41]; in the presence o f chromatic dispersion the 
performance o f  offset filtered 42.7Gb/s DPSK system is at best a recovery performance
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because the performance difference between the optimized offset and centred filtered case 
progressively decreases as chromatic dispersion increases. Also unlike the result in section
3.3 which showed that the optimized offset for a 35GHz OBPF filter is always around 17GHz 
offset (half the bandwidth), but the results in section 3.4.2 shows that the optimized offset 
filtering is a function o f the chromatic dispersion present.
3.5 Novel offset filtering design on an 42.7Gb/s RZ-DPSK system
The impact o f offset filtering on strongly filtered DPSK has been presented in section
3.4 [39,40] in the presence o f ASE-noise dominated regime, however the different peak 
performance sensitivity o f the constructive and destructive single ended detection with offset 
filtering has shown that despite the beneficial advantage o f the balanced detection, that 
conventional Strongly filtered DPSK performance is not fully optimized because o f the lesser 
performance o f the AMI signal that is inherent at the destructive port in the presence o f tight 
(narrow) filtering.
Having in mind that the constructive port has the data and the data-‘bar’, which is the 
logical inverse o f the data, is located at the destructive port, and there are equal amount o f 
information at both ports [25]. The duobinary signal is optimized by bandlimited filtering and 
AMI signal is optimized by offset filtering in the presence o f tight optical filtering or 
chromatic dispersion. The investigations in section 3.4, although showing some marginal 
performance improvement, the inherent performance with the model in section 3.4 is not as 
pronounced as the improvements inherent with PDPSK (section 3.2). Thus in this section a 
novel filtering model that seeks to improve the performance o f a strongly filtered 42.7Gb/s 
DPSK system in a tight filtering regime (50GHz grid) is introduced [39].
3.5.1 Novel filtering justification.
The novel offset filtering 42.7Gb/s 50%RZ-DPSK was modelled with two filters at the 
constructive and destructive ports of the MZI. The performance o f the two models is 
essentially the same when symmetric filtering is deployed. The motivation for this novel 
design can be seen in these earlier papers [29,30], where the performance o f asymmetric 
filtered CSRZ-40Gb/s DPSK system can be seen to improve over the symmetric filtered case.
The difference between the work investigated in that paper and this work was that 
emphasis o f the paper was mainly on 3dB filter bandwidth o f 45GHz. Although a particular 
plot in figure 2 o f [30] gave some indications to the performance improvement o f asymmetric 
filtering within narrow bandpass filters with CSRZ signal. This work is solely based on
filtering 3dB band widths between 33 to 40GHz bandpass filters. The choice o f 3dB 
bandwidth o f 35GHz is more representative o f filtering bandwidth available for a DPSK 
modulation format in a 50GHz grid due to concatenation o f several OBPFs in a link.
In the majority o f the work presented here 35GHz was chosen as the filter bandwidth 
since this was more representative o f the typical overall bandwidth which would be 
encountered in a 50GHz grid system. The degree o f asymmetric filtering improvement 
recorded here is around half (50%) o f the filter bandwidth, although the choice o f offset 
filtering is largely dependent on filter bandwidths.
The detailed physical explanation for the penalty reduction o f the asymmetric filtering in 
a strong filtered regime was reported [40]. In this work the center frequency o f OBPFs (33 to 
40GHz) were offset from the carrier frequency of the channel in order to examine 
comprehensively the nature o f the performance impact o f offset filtering in a 50GHz grid. 
Offsetting the central frequency o f the filter normally results in a performance penalty [27, 
28] however [40] found that an improved performance can be obtained for offsets which are a 
large fraction o f the bit (symbol) rate. In this section further investigations into the nature of 
the improvement [29,30,39] (from demodulation perspective) which suggests that detuning of 
the transmit laser could result in significant performance improvement in the narrow optical 
filtering experienced in 50GHz spaced DPSK systems is carried out.
The focus o f this section is thus mainly on performance improvement in a 42.7Gb/s 
DPSK system with a novel design based on the analysis o f the nature o f the performance of 
the conventional model’s constructive and destructive port o f the MZI under asymmetric 
filtering in a strong filtering regime.
3.5.2: Novel DPSK Asymmetric Filtering Model.
The model used in simulating the novel offset filtering design will be described in this 
section. The results achieved in section 3.4 that have been confirmed by numerical and 
experimental investigations in [29, 40] gave further insights as to performance potentials that 
are available at the output ports o f MZI: the fact that the correlative coding formats that are 
inherent at the MZI output have a memory capacity that can be further induced by the pre- 
filtering [43]. Thus this model seeks to explore the advantages o f the DB and AMI by 
deploying different levels o f offset filtering to improve the sensitivity o f the two correlative 
coding formats (memory-formats) located at the constructive and destructive ports o f the 
MZI.
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Fig 3.13: Novel DPSK model 
The model illustrated in Fig 3.13, is same as the figure 3.3 but the extra filters are 
employed at the output o f  the MZI, thus the configurations and parameters used are same as 
in fig 3.3 section 3.4. then the signal at both output ports o f  the MZI is filtered by 2 identical 
tuneable 35GHz OBPF. The filtering arrangement o f the novel design does not lead to any 
difference in performance compared with conventional model, when the two filters are 
symmetrical filtered.
The signal is followed by a balanced receiver. Single ended detection was also 
investigated in our simulations to identify the effect o f  offset filtering on the two received 
signals and confirm same performance for the single ended detections for both the 
conventional DPSK configuration and our novel configuration. This is necessary because any 
difference in performance between the single ended detections at both the destructive port 
and the constructive port for offset filtering o f the conventional and novel will be indicative 
o f an anomaly in the result so derived from the novel configuration. The OSNR at the 
receiver for the investigation was varied from 15 to 22dB for the novel configuration.
3.5.3. Results for Novel DPSK filtering design.
In this section simulation results generated from the novel model illustrated in section
3.5.2 will be presented. Firstly the novel DPSK offset filtered receiver design's results will be 
presented at an OSNR o f 20dB. then the performance o f  the novel design will be compared to 
the performance o f  the conventional model via symmetric filtering. Thirdly the performance 
inherent from the model will be compared with the conventional model performance at 
different OSNRs. This will be done to quantify the performance improvement or penalty 
incurred from using the novel offset filtering design as compared to the conventional model.
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Also in this section an initial result generated in section 3.3 will be presented for 42.7Gb/s 
50%RZ-DPSK system by comparing the balanced and two single ended detections by using
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Figure 3.14: Q value (dB) contour plot for novel model with frequency offset o f  filter 1 and 2 (GHz) 20dB
OSNR.
Fig 3.14 shows a plot contour on Q value in dB optimizing the frequency offset o f  the 
two 35GHz OBPF at the constructive and destructive. It can seen the Q value reaches a peak 
~18dB which is the intersection o f  8 GHz offset o f the filter located at the constructive port 
and the -1 8  GHz o f the filter located at the destructive port, that the improved performance is 
due to large offset at destructive filter. These can be explained by the fact that offset filtering 
o f an AMI spectrum actually leads to a spectrum that is more closely related to a DB signal, 
due to large reduction in either o f the peaks o f  the AMI [9].
The improved performance from inserting narrow filters is rather surprising, in that 
deploying a narrow filter will generally lead to performance penalty. But in view o f  the 
performance o f  DPSK signal in the presence o f  strong optical filtering which is more due to 
the filtering tolerance o f DB signal at the constructive rather than the double peaked AMI at 
the destructive port. Thus intentional frequency imbalance at the output o f the MZI for a 
strongly filtered DPSK system enhances the performance o f  destructive port for an improved 
balanced detection.
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Figure 3.15: Q-value (dB) contour plot for novel model with frequency offset o f filter 1 and 2 (GHz) both 15
and 17dB OSNR
The above contour plots illustrated above shows the performance for the same model 
used for the contour plot in figure 3.14 but the contour plot in figure 3.15 are both for 15dB 
and 17dB OSNR. Several o f  these contour plots were generated for different OSNRs, so that 
the performance trend o f  the novel filtering model can be established such that comparison 
with conventional model performance could be enhanced. Thus the figure below was 
generated from all the different contour plots that were generated for the investigations.
The graph shown in fig 3.16 is plot for Q-value improvement o f 2.3 to 4.5 dB for the 
novel optimized offset filtering over the conventional model. The motivation for this work is 
the different performance peaks that are obtained from offsetting the centre frequency o f  a 
strongly filtered DPSK system with both constructive and destructive single ended detection. 
Offsetting the centre frequency o f an optical filter would mostly lead to penalty alleviation in 
most modulation formats, but the DPSK demodulation via interferometric process can 
actually utilise the equal amount o f information that is present at the outputs o f the MZI
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Figure 3.16: Q-value (dB) as function o f OSNR (dB) for the conventional and the novel mode.
The different tight optical filtering performance o f the duobinary (DB) and alternate 
mark inversion (AMI) signal within band limited filtering and offset filtering is explored in 
deriving better sensitivity with balanced detection. The duobinary signal in this case AM- 
PSK duobinary is well-known for its resilience to tight optical filtering and chromatic 
dispersion [31, 33], due to its narrow spectra extent.
The performance o f  the AMI spectrum can have a comparable performance to the DB 
signal in situations in which the AMI spectrum is vestige (SSB-filtering) i.e. by detuning the 
spectrum o f  AMI obtainable at the destructive output port o f  the MZI, this is similar to the 
behavior o f  the DCS-SSB and carrier suppressed AMI-SSB [32,33].
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Figure 3.17: 3.17 Plots o f Q values (dB) vs filter frequency offset (THz) for 42.7Gb/s 35GHz OBPF 50% 
RZ DPSK for the conventional balanced (red) model and the novel (blue) model (i.e. the diagonal o f the contour
plot in figure 3.14).
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The figure 3.17 above illustrates the performance o f  42.7Gb/s 50% RZ-DPSK under 
strong optical filtering o f  35GHz OBPF with a balanced detection and the diagonal o f  contour 
plot in figure 3.14. This result confirms that the result shown in figure 3.14 is valid, since the 
optical band pass filter being deployed both before the MZI, or after the MZI both operate on 
a linear regime and no non linearity was included in the simulations. Thus the agreement o f 
the two different models in terms o f  balanced detection as seen in the diagonal in figure 3.14 
and balanced detected results o f conventional model, thus gives a reassurance as to the 
practicability o f  the model.
This is further ensured with the two plots below that compare the performances o f the 
two single ended detections with the horizontal and vertical axis o f the contour plot in figure 
3.14. These agreements between the two models (via symmetric filtering with the novel 
model and diagonal o f the model) thus further show that better performance improvements 
can derived by inducing the correlative coding attributes o f  the two MZI output ports as seen 
in figure 3.14. The performance improvements inherent with novel model are comparable to 
performance improvements achieved with PDPSK over conventional filtered (35GHz OBPF) 
DPSK system at high OSNRs.
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Figure 3.18:Plots for the single ended constructive detection (a) o f 42.7Gb/s 35GHz OBPF 50%  RZ DPSK from 
both conventional model and novel model Plots for single ended destructive detection (b) o f 42.7Gb/s 35GHz 
OBPF 50%  RZ DPSK from both conventional model and the novel model.
3.5.4: Discussions on the impact of the Novel Receiver Design.
In this section the discussions on the impact o f  the novel offset filtering design will be 
discussed, while detailed performance comparisons will be made with an equivalent 
performance o f a conventional model. This is important in order to understand the origin o f 
the performance improvement inherent with novel design. A better understanding o f  the
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physical origin o f the performance can enhance a better adaptability o f  the novel design in 
practical optical DWDM transport systems.
The precise offset required for improved performance in strongly filtered DPSK 
systems is filter bandwidth dependent. Thus this is the basis for further w ork as shown in our 
novel model, that utilizes the advantages inherent in offset filtering (SSB) o f the AMI signal 
to a duobinary signal; the improve sensitivity o f  destructive port can lead to improvement in 
performance o f a balanced detected strongly filtered DPSK system.
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Figure 3.19: Q-penalty against offset for 33, 34 35 and 40GHz OBPF for 42.7Gb/s 50%  RZ DPSK 20dB
Firstly a review o f  the performance penalty inherent with a 35GHz OBPF 42.7 Gb/s 
50%RZ-DPSK (conventional) system is compared with the other bandpass filters in figure 
3.19 above. The magnitude o f the performance penalty is around 4.15dB for a conventional 
35GHz filtered DPSK system compared to the performance o f  the 40GHz OBPF. Although 
offsetting the 35GHz OBPF filter to half the filter bandwidth (17GHz) can reduce the 
performance penalty to 2.5dB. This plot thus gives a better insight into the performance o f 
the novel offset filtering design that can completely reduce the above performance penalty.
Thus the novel design presented here is based on exploring the inherent physical features 
o f the correlative coding formats (AMI and DB) at the output ports o f  the MZI [31] in 
spectral shaping by the additional degree o f freedom gained by having inherent intensity- 
phase modulated signals at the two ports. These modulation formats (AMI and DB) being 
memory modulation formats (line coding), thus can be both exploited to improve tolerance to 
specific fiber impairments (linear and nonlinear). The exploitation o f  the memory is further 
strengthened by offset filtering (prefiltering induced symbol correlation) that introduces 
memory even to memory-less modulation formats [43]. The DB signal is well-known for its
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tolerance to chromatic dispersion and tight optical filtering [31], just as AMI is well-known 
for its nonlinear tolerance [44, 45]. The implication o f this difference in tolerance by the DB 
and AMI, which are both located at the output ports o f the MZI for a DPSK signal, is that by 
adequately optimizing the inherent memory properties o f  the two signals subject to 
dominating impairment at the receiver, the DPSK performance can be significantly improved 
most especially within a tight optical filtering regime.
Interestingly DB can be derived from an AMI by deploying offset filtering [32] and 
within the constraints o f  a tight optical filtering regime the induced performance penalty and 
chromatic dispersion tolerance o f a strongly filtered 42.7Gb/s system can be improved by 
introducing band-limited filtering or offset filtering at the two output ports o f the MZI. 
Further investigation to the performance o f this novel filtering design in a nonlinear regime is 
envisaged in view o f  some reported investigations [46, 47] where memory modulation has 
been used to compensate for nonlinear propagation impairments.
The contour plot in figure 3.14 could reasonably be difficult to implement in real 
systems, thus a more practical model that would inevitably reproduce similar improvements 
as achieved in figure 3.16 is now presented. This improvised model now has the filter 1 that 
was ignored in the figure 3.16 model. The improvised model has three identical OBPFs one 
before MZI (no detuning), the second OBPF at destructive port (detuned) and the third at the 
constructive port (detuned).
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Figure 3.20: Q-value (dB) contour plot for novel model with 0 offset at filter 1, frequency offset o f  filter 2
and 3 (GHz)
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An additional OBPF before the MZI results in net filtering narrowing effect, as seen in the 
zero filter offset o f  the contour plot in figure 3.20. The results here can be justified by the plot 
for the 33GHz OBPF in figure 3.19 where its penalty reduction for 0 and ~5GHz offset is 
more than 0 and 17GHz offset o f the 35GHz OBPF.
The design in figure 3.14 would reasonably be costly to implement in practical systems, 
thus a 3rd model with two filters is proposed to simplify the model used in generating the 
contour plot with 3 filters. The third additional model does not have any OBPF at the 
constructive port because the performance o f  the DB signal is optimized with band-limited 
filtering. The new model has two identical OBPFs one before MZI and the other located at 
the destructive output port o f  the MZI. Having an OBPF at the destructive port is to 
essentially reduced the double lobe o f  the AMI spectrum to DB spectrum and thus improve 
the sensitivity o f  the destructive port. This invariably leads to more sensitivity o f the balanced 
detection.
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Figure 3.21: Q Contour plot o f Q -value (dB) for offset filtering (GHz) at OBPF before the MZI and offset
filtering at the Destructive port o f  MZI (GHz)
The results generated here shows that detuning the laser from 0 to 5GHz and offset 
filtering at the destructive port (from 0 to 25GHz) o f  the MZI could reasonably increase 
sensitivity within narrow filtering regime, which are occasioned in a 50GHz grid. The results 
for figure 3.21 are essentially a reproduction o f  the result in figure 3.20.
The improvement seen with these novel models are better appreciated within the context 
o f performance recovery in the presence o f  strong filtering, i.e. the performance improvement 
o f the narrow filtering regimes can be viewed as deriving the benefit o f broader filters with a 
narrower filtering by biasing the demodulation favorably with two duobinary signals at the
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output o f the MZI, as opposed to the conventional duobinary and AMI signal at the outputs o f 
the MZI.
3.6: Offset filtering in conjunction with PDPSK in a strong filtering regime.
In this section the performance o f a strongly filtered 42.7 Gb/s RZ-DPSK systems (i.e. 35 
GHz OBPF) will be examined with a combination o f two strategies (1) the very prominent 
PDPSK (2) Offset filtering at the ports o f the MZI. The performance o f PDPSK is well 
known for its superiority over conventional DPSK systems in a strongly filtered regime in 
presence and absence o f chromatic dispersion in section 3.2 [23]. However in this chapter 
performance o f a strongly filtered DPSK system has been investigated with offset filtering at 
the OBPF both before and after the MZI.
It was importantly observed that the performance o f 35 GHz OBPF for a 42.7 Gb/s DPSK 
system can be significantly improved via the novel offset filtering design. In the former 
sections the improved performances o f the offset filtered systems were not quantified relative 
to the performance o f PDPSK. Although it was stated that the novel filtering performance 
could approach the performance o f the PDPSK, thus in this section the performance o f a 
strongly filtered DPSK system is examined with a novel filtering design as shown in figure 
3.13 but without the 1st filter, with band-limited filtering at the constructive port and offset 
filtering at the destructive port o f the MZI and delay o f the MZI is varied.
It is important to consider that the performance o f a PDPSK system is essentially 
enhanced by the performance o f the constructive port where a duobinary signal is inherent, 
while the performance o f the destructive port's AMI is largely a performance penalty.
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3.6.1: Offset filtering-PDPSK results in a strong filtering regime.
The contour plot below in figure 3.22 shows the performance o f  PDPSK and offset 
filtering at the OBPF located at the destructive port o f the MZI in an ASE noise dominated 
regime. The figure 3.22 show a contour plot o f Q values in dB for percentage bit period delay 
in MZI against filter offsets in GHz for the OBPF at the destructive port.
The 0 offset performance shows that the optimized MZI delay can significantly improve 
the performance o f  the system by around 3 dB, but by deploying offset filtering at the 
destructive port that the performance o f the system can be improved by around 5dB for an 
OSNR o f 20dB.
Q (dB)
95
85 N
g?
75 |
o>*<
65
55
Filter Dest Offset (GHz)
Figure 3.22: Q Contour plot o f Q-value (dB) for % bit period delay in MZI against filter offsets in (GHz) 
o f  3rd order 35 GHz OBPF at destructive port o f the MZI (GHz).
The magnitude o f  the performance improvement inherent with this innovative receiver 
design can be appreciated in the figure 3.23 below. The figure 3.23 plots the Q value in dB 
against the optimized bit period delay (percentage) in the MZI for performance o f the 
conventional PDPSK system and optimized delay in MZI/filter offsets at the destructive port 
o f the MZI. The graph shows that with a 100% delay in MZI (23.42ps) that the offset filtered 
system (destructive port improvisation) has a performance improvement o f ~2dB over the 
conventional DPSK system for a 35 GHz OBPF for an OSNR o f 20 dB.
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However as the MZI delay is varied the performances o f both systems improves, while 
the offset filtering at the destructive port (novel-PDPSK) system reaches a peak performance 
with 80% bit period delay in the MZI, the conventional PDPSK system reaches a peak with 
75% delay in MZI.
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Figure 3.23: : Q-value in dB against % bit period delay in MZI 35GHz OBPF 42.7Gb/s 50% RZ DPSK 20dB, 
where the blue line represents the novel-PDPSK model and red line represents the conventional PDPSK model.
Interestingly the peak performance o f the novel-PDPSK system has 1.7dB improvement 
over the peak performance o f the conventional PDPSK system for an OSNR o f 20dB in 
calculated Q values. The OSNR o f  the investigation was also varied from 18 to 15 dB to 
confirm the performance trend as shown in figure 3.23 above, the results showed 1.4 and 
0.7dB improvements for the varied OSNRs.
In the presence o f  chromatic dispersion the novel-PDPSK still maintained an improved 
performance over the conventional case i.e. the performance improvements in the presence o f  
chromatic dispersion o f 50 and 100 ps/nm are 1.1 and 0.4dB over the conventional PDPSK.
gf3 offset
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3.6.2: Discussions on Offset filtering-PDPSK performance in a strong filtering
regime.
The results as seen in this section with an inherent performance improvement of the 
PDPSK-offset filtering novel where a close to ldB in calculated Q is observed over the 
conventional PDPSK system; can be better understood by analyzing the performance o f a 
balanced PDPSK system in a strongly filtered regime. The performance o f PDPSK system is 
enhanced in a balanced detection by the signal at the constructive port o f MZI, where a 
duobinary signal is inherent. The performance (conventional PDPSK) o f the destructive port 
is largely a performance penalty due to the wider spectrum of the double peaked AMI signal.
It must be noted that the two signals at the two outputs o f the MZI are both memory 
modulation formats. Although the DB has a much narrow spectrum than the AMI, memory 
modulation format are very unique due to their multi-symbol nature (intensity and phase 
modulation). In the presence o f specific impairments the memory modulation formats exploit 
their additional degree o f freedom gained from the extra symbol modulation in shaping the 
signal spectrum subject to the impeding impairments [19].
The DB signal is well known for its tolerance to tight optical filtering and chromatic 
dispersion due to the narrow spectral extent and three level optical symbols used in detecting 
2 electrical symbols at the photodetector as previous explained in chapter 2.
It has been shown in [32, 39, 40, 41, 48] that a DB spectrum can be derived from an AMI 
by offset filtering and the performance o f the vestige AMI is significantly improved in the 
presence o f ASE-noise noise and chromatic dispersion. It was also shown in [43] that pre­
filtering (offset filtering) induces a beneficial memory modulation format in the presence o f 
tight filtering on a memory-less modulation format.
Thus the physical reason for the performance improvements as seen with this novel- 
PDPSK system in a strongly filtered regime is largely due to further exploitation o f the 
inherent attribute o f the residing memory modulations o f the outputs o f the MZI. Whereby a 
balanced detection is deployed, but with induced performance improvements at the 
destructive port o f the MZI.
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3.7 Chapter 3-Summary:
1 We have investigated the effect o f offset filtering of a 42.7Gb/s DPSK signal using 
typical filter bandwidths present in a 50GHz grid. The results show that the 
performance o f the strongly filtered DPSK system can be improved by ~ldB at low 
OSNR (15dB) and by up to 1.5dB for an OSNR of 20dB by detuning the laser 
frequency. Three values for detuning are observed with the most effective found to 
be around half the filter bandwidth. The precise offset required for improved 
performance in strongly filtered DPSK systems is filter bandwidth dependent. This 
interesting result could reasonably be anticipated to also occur in coherent 
PSK/QPSK systems. The experimental results reported in [42] is a good indication as 
to the practicality o f the performance improvement seen with offset filtering. There 
is still need for further experimental confirmation o f the improvement (penalty 
reductions) seen here with a 35GHz OBPF, which is representative o f typical 
bandwidths available in a 50GHz grid/net filtering resulting from concatenation of 
several filters as obtainable in real transmission systems.
2 We have investigated the impact o f residual dispersion on displacing the centre 
frequency o f a 35GHz OBPF at the receiver for a 42.7Gb/s DPSK system. The 
results show that the performance o f the narrow filtered DPSK system is improved 
by largely offsetting the centre frequency o f the filter in the presence o f some 
dispersion. Thus optimized offset o f carrier frequency o f the filter in the presence o f 
dispersion generally results in performance recovery as compared to symmetric 
filtering. The performance o f offset filtered 35GHz OBPF 42.7Gb/s DPSK systems 
has improved performances over the symmetrical filtered system for dispersions 
ranging from 0 to 50ps/nm, but beyond this point the performance o f offset filtered 
DPSK systems (35GHz OBPF) becomes a performance improvement. Offset 
filtering with 42.7Gb/s DPSK can provide a cheap alternative for managing the 
sensitivity DPSK systems in 50GHz grid and metro networks due to its better and 
comparable performance to the symmetric filtering in the presence of 0 to 50ps/nm 
and > 50ps/nm dispersion.
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3 We have deployed a novel asymmetric filtering imbalance model with balanced 
detected 42.7 Gb/s DPSK signal in the presence o f strong filtering. The results show 
that performance o f strongly filtered DPSK system can be improved by 2.3dB at low 
OSNR (15dB) and by up to 4.5dB for an OSNR of 22dB. The novel configuration 
based on introduction o f 2 additional OBPF to a conventional DPSK model and 
swapping the position o f filter with the MZI. This result justifies the performance 
improvement shown here can be achieved at the output o f MZI by virtue o f the 
different spectral performance of the constructive and destructive port o f the DPSK 
system. Thus within a strong filtering regime for a DPSK system this design could 
derive the benefit o f partial DPSK with less cost and complexity. Further work is 
envisaged with asymmetrical filtering o f coherent PSK/QPSK to thus provide a 
better alternative to lOOGb/s deployment in a 50GHz grid.
4 We have deployed a novel asymmetric filtering imbalance model with balanced 
detected 42.7 Gb/s PDPSK signal in the presence o f strong filtering and chromatic 
dispersion. The results show that performance o f strongly filtered PDPSK system can 
be improved by 1.7dB for an OSNR (20dB) The novel configuration based on 
introduction o f 2 additional OBPF to a conventional DPSK model and swapping the 
position o f filter with the MZI. This result further shows that the performance 
improvement can be achieved deploying offset filtering at the destructive port of 
MZI and in conjunction with PDPSK, (PDPSK) which is the most prominent 
technique for improved performance in a strongly filtered DPSK system. Thus within 
a strong filtering regime for a DPSK system this design could enhance the benefit o f 
PDPSK by slightly offsetting the OBPF at the output o f the MZI. Further work is 
envisaged with this model for different signal formats, different OBPF, at higher data 
rates (i.e. 50Gb/s PDPSK in a 50GHz grid and an intensive experimental 
investigation to confirm the performance trends as seen with this novel-PDPSK 
design.
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CHAPTER 4:
4.1 Optical Differential Quadrature Phase Shift Keying (DQPSK) modulation format in
50GHz Grid.
The aim o f this chapter is to evaluate the impact o f offset filtering on 42.7 Gb/s DQPSK 
systems within a tight optical filtering regime (50GHz grid). The impact o f offset filtered 
DQPSK systems in regimes limited by ASE-noise dominance and in the presence o f 
chromatic dispersion will be analyzed in this chapter.
Despite the benefits o f inherent reduced bandwidth, tolerance to chromatic dispersion 
and polarization mode dispersion o f the DQPSK modulation format, there are some 
drawbacks to its implementations i.e. OSNR penalty, tolerance to laser detuning (1-4). 
However the DQPSK modulation format’s encoding and decoding process have presented in 
chapter 2, so that a better understanding o f the modulation and demodulation processes can 
enhance better opportunities to improve the tolerance o f 42.7 Gb/s DQPSK systems to 
specific mitigating impairments, most especially the tolerance o f DQPSK systems to offset 
filtering or laser detuning in a 50GHz grid [4].
Increase in the demand for optical communications has given rise to research in 
advanced modulation formats. DPSK has been the simplest o f the phase modulated formats 
and has its inherent limitations in terms o f spectral efficiency, tolerance to optical filtering 
and chromatic dispersion. Optical differential quadrature phase shift keying (DQPSK) 
provides a better solution to the listed optical communication limiting impairments [5].
Although the BER o f the DPSK modulation format and DQPSK modulation format are 
potentially the same, the symbol error rates are different [6]. The difference is occasioned by 
the DQPSK modulation format’s inherent higher number o f symbols per bit i.e. 2 symbols 
per bit (log2M ) whereas DPSK has 1 symbol per bit. Where log2M is the number o f data bits 
per M symbols and R is data rate such that the symbol rate is R /lo g 2M [7]. Thus for the 
same data rate DQPSK requires half the optical bandwidth of DPSK modulation format. And 
for the same symbol rate DQPSK doubles the data rate o f DPSK. The increased spectral 
efficiency o f DQPSK relative to DPSK is at the expense o f the complexity o f the DQPSK 
transmitter and receiver. Conventionally DQPSK is transmitted with two data modulators in 
which a phase shift (offset) o f n /2  is introduced to one o f the data modulators.
The IN-phase signal of the DQPSK is driven at a 0 reference phase and the Quadrature 
signal is driven at 90° phase-shift from the in-phase signal. The complexity at the receiver 
relative to the simple DPSK is such that the DQPSK system has two data modulators, two
MZIs and 4 photodetectors. In terms o f performance sensitivity DQPSK has a lower bit error 
rate for a given data rate as compared to ASK. But comparison with DPSK results in ~1.3dB 
BER penalty [5]. DQPSK is essentially a simultaneous transmission o f  2DPSK with 4 
different optical phases. There has been several reported investigations which have addressed 
the complexity o f the DQPSK reception. One such attempt for less complex DQPSK receiver 
is based on polarization [8], where the two arms o f the MZI are replaced by the fast and the 
slow axes o f  a polarization maintaining fiber, whose differential group delay (DGD) equals 
one symbol period and the output signals at the two axes are then combined before 
photodetection. The high level o f precision needed in maintaining the polarizations o f these 
axes thus eventually increases the complexity and eliminates the simplicity o f 
implementation o f  the polarization based DQPSK receiver. The 3rd attempt at reducing the 
complexity o f the DQPSK receiver was reported in [9, 10] where the 2 AMZI o f the 
conventional DQPSK receiver was replaced with two narrow optical band pass filters.
Figure 4.1: Signal constellation for DQPSK modulation format.
The DQPSK receiver design here explored the complementary cosine shaped transfer 
function o f the conventional DQPSK receiver MZIs. The drawback for this novelty was in 
the OSNR penalty relative to the conventional model, although the novel receiver had a better 
tolerance to chromatic dispersion and frequency detuning o f the laser. The fourth attempt at 
reduced complexity o f the DQPSK receiver design was reported in [11] where only one o f 
the MZI outputs was employed i.e. either the constructive or the destructive port for the I and 
Q. T his eventually eliminates 2 photodetectors from the 4 detectors used in conventional 
DQPSK model. Thus multi-level phase modulation (DQPSK) provides an alternative for
1 0 2
increasing data rates without increasing the optical bandwidth. Implying that for the same 
data rate with DPSK and DQPSK, DQPSK modulation format can be employed with half the 
optical bandwidth o f the corresponding data rate. Also true is the fact that for the same 
optical bandwidth DQPSK is transmitted with twice the DPSK’s data rate.
4.2 Im pact of DQPSK transm itter with a single Data M odulator on the perform ance of
the opposite (tributary) receiver.
In this section the impact o f one o f the nested data modulator o f the DQPSK transmitted 
will be investigated on the performance o f  the opposite tributary receiver performance. This 
configuration is implemented in order investigate the impact o f the crosstalk o f  the two 
DQPSK signals from the two separate data modulators on the detections o f  either o f the 
receivers (e.g inphase or quadrature receiver).
The symbol spacings between the DQPSK symbols which is half the bit spacings o f the 
DPSK system has been attributed as the reason for the worse OSNR performance o f the 
DQPSK relative to the DPSK system. Herein the investigation will be implemented by 
switching o ff the power o f either o f  the data modulators (either the Inphase or the 
Quadrature), and reception will be carried out in the opposite receiver with different bandpass 
filters. This is done to establish the impact o f  crosstalk and interference from the two data 
modulators on either o f the receiver's performance.
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Figure 4.3: Q value in (dB) against different filter bandwidths in (GHz) for 1st order Gaussian filter for a 
42.7Gb/s 50% RZ-DQPSK system 16dB OSNR, the red line represents the perform ance o f a conventional
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DQPSK system and the blue line represents the perform ance o f  a DQPSK system in which one o f the powers o f 
the two data m odulator is sw itch-off (receiver is the opposite tributary to the powered data modulator).
The figure 4.3 above plots the Q values in (dB) against the filter bandwidth (GHz) for the 
conventional 50%RZ_DQPSK (1st order Gaussian filter) model, same as the model deployed 
in section 4.2 (labeled red in the figure 4.3). The blue line represents a special model where 
the power o f  either o f the two data modulators is switch off, and the DQPSK system is 
received at the opposite receiver (the other out o f  phase receiver).
It can be seen that the impact o f  the opposite tributary on the order tributary is very 
significant although there is about 2.5dB performance penalty incurable from switching off 
the power o f either o f  the data modulators. A 2.5dB performance penalty can be seen as the 
extent o f the interference from the either o f  the two DQPSK data modulators on the detection 
o f  the two receivers. Thus the performance here gives some insights as to why the OSNR 
performance o f 42.7Gb/s DQPSK system is penaltied relative to the performance o f a 
21.35Gb/s DQPSK system.
4.3: DQPSK Simulation Mode:
In this section a description o f the back to back model that will used in the numerical 
investigations o f the performance a 42.7Gb/s 50% RZ-DQPSK system under different 
conditions will be presented. Having described similarities/differences between the optical 
DQPSK/DPSK systems in section 4.2 and some o f the factors that affects the performance o f 
a DQPSK system in section 4.3. Here in this section the modulation and demodulation o f  an 
optical DQPSK will be captured in a conventional DQPSK model.
Figure 4.2: Conventional DQPSK modeled diagram.
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The above diagram shows a DQPSK model which consist of two data modulators, 2 MZI 
and 4 photo detectors. The system used in the simulations, is illustrated in Fig. 2. A 29 PRBS 
is used to drive a Mach-Zehnder modulator (MZM) to produce two- 21.35 Gb/s DPSK 
optical signals, the difference between the data modulators i.e. the in-phase and the 
Quadrature is that the drive voltage o f in-phase MZM is set (initialed) at a phase reference of 
0 and the Quadrature is set at a phase reference o f point o f n ^  by adjusting the biasing point 
and drive voltage. The output o f the Quadrature data MZM is such that the carrier phase is 
modulated at a 71 fa  offset to the carrier phase o f the output o f in-phase data MZM d* fa  phase 
shifted). The data modulator is driven to generate a n  shifted phase modulation in MZM by a 
sinusoidal signal biased between two peaks at the data rate with an alternate phase change at 
the bias.
The IN-Phase and Quadrature data modulator are driven and biased in a similar way but 
the output 42.7Gb/s DPSK signals at output have a phase difference This is followed
by a pulse carving MZM generating a 33%, 50% or 67% RZ signal depending on the desired 
signal format. The NRZ-DQPSK is generated without the pulse carving MZM. We have 
confirmed that longer bit sequence leads to practically the same results as with the 29 used in 
the above model. Noise is added using the VO A/amplifier combination. At the receiver, the 
DQPSK signal is first filtered by the tunable OBPF, The signal is demodulated by a two 
Asymmetric Mach Zehnder interferometer (AMZI) with a one symbol period delay, 71 / ^  
phase difference (at the destructive arm) between the two arms and detected by a balanced 
receiver for the in-phase demodulator. The Quadrature demodulation is the same as the in -  
phase but for the - n/ ^  phase state o f the destructive port o f the AMZI. Single ended 
detection was also investigated in our simulations to identify the effect o f offset filtering on 
the two received signals. The OSNR at the receiver was varied from 14 to 22dB. The filter 
was generally taken as 31 to 50GHz bandwidth to capture the scenario in a 50GHz grid, 1st to
th •4 order Gaussian filters were deployed to characterize the impact o f the steepness o f the 
filter skirt on performance o f DQPSK systems, and a 30GHz bandwidth 5th order Bessel 
electrical filter was used following the receiver. In the following the Q-values were calculated 
assuming Gaussian statistics.
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4.4: Performance of 42.7Gb/s DQPSK system in the presence of ASE-noise and Strong
band-limited filtering.
The model above was used for the simulation o f DQPSK results below, although this 
research focuses on high speed modelling, the simulations results here confirm an excellent 
agreement between the GNLSE model (with Gaussian statistics) and (KLSE or exact 
published results generated via simulation and experimentations [4, 14, 15]. However the 
elusive discrepancies between simulation and experimental results in [4] were due to filter 
shape that was deployed in the experiment which was not a replica o f the Gaussian filter that 
was modelled. The shape, bandwidth o f an optical filter, and electrical filter bandwidth 
greatly determine the performance o f any modulation format [16].
ASE noise generated as a result o f compensating for fibre loss is a very important 
impairment in optical communications, although other impairments have their individual 
mitigating effects, but in the context o f multi level signalling, the foremost impairment to be 
investigated here is the ASE noise in a DQPSK system. DPSK offers a better OSNR 
sensitivity as opposed to DQPSK. This is largely due to the phase noise generated by 
transmitting 2 DPSK signals simultaneously [6] also our investigation confirmed in section 
(4.2), when either o f the two data modulator’s power for a 42.7Gb/s DQPSK transmit system 
is switched off the ASE performance is exactly the same for the 21.35Gb/s DPSK system. 
Also we confirmed that the opposing demodulator (receiver) in a DQPSK system in which 
the I or Q data modulator is switched off, still offers some sensitivity.
This investigation is o f interest because it accounts for the interference o f the 
calculated Q (in-phase) by the Quadrature Q value at the in-phase receiver, thus the 
imperfection o f the DQPSK receiver in phase referencing for DQPSK detection. The 
situation with coherent QPSK will be reported as investigated in chapter 6. The DQPSK 
demodulation process utilizes the phase difference between two successive bits in 
determination o f the bits phase change, the two bits used will be corrupted by ASE noise via 
transmission.
So in essence DQPSK deploys two error bound bits in phase referencing and this 
generally results in lesser sensitivity as opposed to exact phase extraction in coherent QPSK
[17]. The relative lesser performance o f DQPSK system notwithstanding its multi level phase 
modulation impact is o f high prominence due to the better sensitivity o f DQPSK as opposed 
to OOK. In a 50GHz deployment 42.7 Gb/s DQPSK systems have been deployed 
successively to increase spectral efficiency [18]. In 100 Gb/s systems sensitive polarization
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multiplexing o f DQPSK has been reported with simulations and experiments [19]. Also 
hybrid systems with simultaneous deployments o f  OOK and 40Gb/s DQPSK [20].
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Figure 4.3: Simulated narrowband filtering perform ance o f  42.7GB/s RZ-DQPSK system in an ASE-noise
lim ited regim e for an OSNR o f 16dB, 1s order (blue), 2n order (red), 3r order (green) and 4 order Gaussian
filters.
Figure 4.3 illustrates Q value (dB) as function o f  3dB filter bandwidths ranging from 
20GHz to 50GHz for different types o f  OBPF (Gaussian filters from order 1 to 4) for an 
OSNR o f  16dB. The choice o f  25 to 50GHz OBPF is influenced by the filtering bandwidth 
available in a 50GHz grid. With the concatenation o f several filters in a transmission link the 
narrow effect o f employing several filters results in net filtering bandwidth within the 
neighborhood o f 34 to 40GHz, so one can evaluate the performance o f the net narrow filtered 
DQPSK system (34 to 40GHz) OBPF in comparison to the available channel spacing. The 
performance shows that 1st and 2nd orders o f Gaussian filters have the best tolerance to 
narrow optical filtering, which is consistent with [7], Also, as seen from the plots the effect o f 
filter shapes does not reflect in the performance o f DQPSK systems >35GHz OBPF.
In the plot above an interesting trend can be seen with the performance o f a 20GHz OBPF 
compared to the 25GHz OBPF, where the performance o f the 25GHz is penaltied relative to 
the 20GHz OBPF. A similar trend was observed in [26], also the fact that 85.6Gb/s DQPSK 
system was deployed in 50GHz grid WDM system [27], further gives some insight to the 
tolerance o f  DQPSK system to strong optical filtering. However deploying wider optical 
band pass filters on phase modulated formats should not necessarily result in performance
107
improvements, based on the fact that the wider optical bandwidth could lead to lesser ASE -  
noise rejections.
The major point here is that using a 1st order or 2nd order Gaussian filter there is a 
marginal penalty from using extremely narrow filters (20GHz) compared to 50GHz OBPF. 
The implication o f these reduced penalties from strongly filtering a 42.7 Gb/s DQPSK system 
could be translated to hybrid transmissions (ASK-DQPSK) in 50GHz. This might reduced the 
cross phase modulation impairments which are generated from hybrid deployments. As 
illustrated above the tolerance o f DQPSK to narrow filtering is quite robust, except for the 
case of higher order Gaussian filters. Thus narrow filtered 42.7 GB/s DQPSK deployment in 
50GHz 42.7 GB/s grid benefits from minimal penalties in the presence o f ASE noise 
limitations as opposed to the penaltied performance o f DPSK systems in narrow filtering 
regimes.
4.5: Chromatic Dispersion performance of 42.7 Gb/s DQPSK system.
In this section chromatic dispersion performance o f a DQPSK system in a strongly 
filtered regime will be examined. Chromatic dispersion is one o f the main inherent 
advantages o f DQPSK modulation system in optical communication. As reported in the [21] 
the optimum filter width for DQPSK is around 37.5GHz and corresponding width for DPSK 
is 55GHz for the same BER, also in [21] the 42.7Gb/s RZ-DQPSK has quadruple filter width 
tolerance o f 30GHz compared to ~7GHz filter width for 42.7Gb/s DPSK system for a 0.5dB 
penalty.
The fact that DQPSK is a multi level phase modulation (2 bits/4 levels per symbol) 
reduces the optical bandwidth whilst the pulse width is increased accounts for the increased 
dispersion tolerance o f  42.7Gb/s DQPSK (46.84ps-bit period) over the same data rate for 
DPSK (23.42ps-bit period). The effect chromatic dispersion on a channel increases in 
quadruple with increase in data rate, thus considering the equation o f chromatic dispersion 
below:
0 =  =  h 0  4 4 4
From the above equation it can be seen that chromatic dispersion is inversely proportional to 
the square o f the wavelength o f signal, which itself is inversely proportional to angular
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frequency o f the signal, ^ is equivalent to time, but symbol period of 42.7Gb/s DQPSK is
half the symbol period o f 42.7Gb/s DPSK, thus dispersion tolerance o f 42.7Gb/s DQPSK is 
four times that o f 42.7Gb/s DPSK system. The below equation illustrates the spectra domain 
representation of signal propagation in optical fiber [22].
B(z,a)) =  5 (0 , u)) exp \jp{oy)z] 4.15
Where the 5 (z , w) and 5 (0 , w) represents the low pass representation o f a signal at distance 
z and 0. 5 (w ) is the propagation constant and can be expanded by a Taylor's series around 
the centre frequency a)c thus yielding [22]
P(a)) = n r ( «  /?0 + /?1(oi - o ) c) +  ;/?2(co-a> c) 2 + i / ? 3(o) -  uic) 3 , 4.16
C Z o
B{L,(jS) = B { Q , w ) e x p \ j ^ p 2u>2L^ 4.17
Conventional DQPSK model was employed in these investigations, although the narrow 
filtering DQPSK model [5] has been shown to exhibit a better dispersion tolerance than the 
conventional, the trade off o f this narrow filtering model is the OSNR performance which is 
worse off compared to the conventional model. The impact o f different signal format has 
observed in [10] and shows that different signal formats ranging from NRZ to 33%RZ to 
50% and to 67%RZ can be deployed with DQPSK, although in a regime limited by chromatic 
dispersion 50%RZ has been experimentally shown to offer the best tolerance and 67%RZ 
comes closely next in performance. The figures below shows the back to back DQPSK model 
and the other illustrates the performance o f 42.7Gb/s DQPSK system compared to a 
corresponding 42.7Gb/s DPSK system.
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Figure 4.4: Conventional DQPSK in the presence of Dispersion (modeled diagram)
The figure 4.4 above shows a conventional model tor a 42.7 Gb/s DQPSK system, in the 
presence o f  dispersion. The model is similar to the model in 4.2 but for the chromatic 
dispersion that is included in the figure 4.4. The chromatic dispersion parameter is a variable 
which is a function o f  the length o f SMF fiber. The figure 4.5a below shows the Q value 
(dB) plotted against dispersion (ps/nm) from 0 to 150ps/nm for both 42.7Gb/s 50%RZ- 
DQPSK and 50%RZ-DPSK systems. The OSNR used in the figure 4.5a below is 20dB 
OSNR and the optical filtering bandwidth used for the investigation was a 35GHz OBPF, 2 nd 
order Gaussian filter.
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Figure 4.5a: Simulated narrowband filtering perform ance o f  (35GHz) 42.7GB/s RZ-DQPSK (In-Phase 
(red) and Quadrature Phase (green)) and RZ-DPSK (blue) system.
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As seen in the figure 4.5a it is observed that at the same OSNR the calculated Q o f the 
42.7Gb/s 50%RZ DQPSK is ~ (2.5 and 1.5dB) better than the DPSK system for chromatic 
dispersions o f  (100 and 150ps/nm). The figure below shows the performance o f a 
bandwidth-limited filtering on 42.7Gb/s DQPSK systems performance in the presence o f 
dispersions o f  200ps/nm.
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Figure 4.5b: 4.5b: Simulated band-limited filtering performance o f  42.7GB/s RZ-DQPSK system with 
different filter shapes in presence of200ps/nm  chromatic dispersion, 1st order (blue), 2nd order (red), 3rd 
order (green) and 4 th order (purple) in the presence of 200ps/nm chromatic dispersion.
The OBPF bandwidths were varied from 25GHz to 50GHz to characterize the 
performance o f different filter shape with different:; Thus as illustrated below figure 4.5b the 
narrower filter widths ~30GHz performance better than the wider filters for the cases o f  1st 
and 2nd order Gaussian filters in the presence o f  some dispersions. But with higher order 
Gaussian filters 3rd and 4th Gaussian filters out perform the lower order Gaussian filters for 
bandwidths close to the bit rate.
Thus subject to filter bandwidth and shape, the 42.7Gb/s DQPSK system can described as 
very tolerant to chromatic dispersion (linear impairments) in a strongly filtering regimes 
(50GHz grid).
4.6: Im pact of Offset Filtering on the Perform ance of 42.7Gb/s DQPSK system.
In this section the impact o f  offset filtering on DQPSK systems in a tightly filtered 
regime will be presented. In chapter 3 performance improvement results with offset filtering 
o f  DPSK was presented in the context o f 50GHz. The interesting spectra interplay within the 
constructive and destructive ports o f the MZI for the DPSK was also presented. However
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herein the impact o f offset filtering on a 42.7Gb/s DQPSK system will be comprehensively 
investigated with different bandpass filters and filter shapes within a tightly filtered regime.
The inherent increased symbol alphabet size o f the DQPSK compared to the DPSK 
system at the same data rate, enhances tolerances to linear impairments (chromatic 
dispersion, polarization mode dispersion and narrow optical filtering penalties). Despite all 
these advantages o f DQPSK, the OSNR penalty and tolerance to laser drift or frequency 
offsets stands out as the major drawbacks o f the this multi-level signalling.
The performance o f asymmetric filtering on 43 Gb/s 50%RZ-DQPSK was investigated 
in [4] although the 50GHz OBPF that was employed gave some insights to the performance 
o f DQPSK system via laser detuning in narrow filtering regimes. 50GHz OBPF does not give 
a complete representation o f netfiltering bandwidths available in 50GHz grid, because as the 
number o f  ROADM/WSS increases the net (residual) bandwidth rapidly drops to around 
35GHz OBPF. It is well known fact that choice o f optical filter shape, bandwidth, signal 
format and electrical filtering can influence the performance o f any modulation scheme. As 
was shown in section 4.4 figure 4.3, the performance difference between a 1st order Gaussian 
50GHz OBPF that was used in [4] and a 3rd order 35GHz Gaussian OBPF is less than 0.5dB.
Thus showing the tolerance o f DQPSK to tight optical filtering regimes as compared 
to a ~5dB performance penalty incurable with an equivalent DPSK systems. Offset filtering 
been the main context in these investigations, with a DQPSK system it has serious 
implications because unlike DPSK the MZI is asymmetric.
Thus frequency mismatch between transmit laser and the phase o f AMZI generally 
leads to performance degradations. NRZ-DQPSK requires lesser optical equipment as 
compared to RZ-DQPSK (no pulse carving MZM) But RZ signal has been investigated by 
simulation and experimentation to offer better tolerance to linear and non linear impairments 
for DQPSK systems.
These research on the impact o f offset filtering on DQPSK system seeks to further 
investigate the impact o f different filter shapes and bandwidth (narrower than investigated in
[4] ) on an ASE limited regime and chromatic dispersion limited regime. Also the physical 
reasons for the lesser tolerance o f the DQPSK to offset filtering is explained in other to 
provide basis for future investigations. The model used in the simulation was the same as the 
model in figure 4.4, the difference for the offset filtering model was that a tuneable OBPF 
was used instead o f the fixed OBPF as deployed in figure 4.4.
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Figure 4.6 ; The contour plots labeled A ( I st order Gaussian filter G F l), B (2nd order Gaussian filter GF2), and 
C (3rd order Gaussian filter GF3) are for Q values in (dB) with filter bandwidth (GHz) plotted against frequency 
offset (GHz) for !6dB OSNR o f  a 42.7Gb/s RZ-DQPSK system.
The trend as observed in the above contour plots labeled A-GF1, B-GF2, and C-GF3 
are for Q value in (dB) with optical filtering bandwidth (20 to 50GHz) plotted against 
frequency offset (0 to 40GHz) for 16dB OSNR o f a 42.7Gb/s RZ-DQPSK system. As 
observed from the offset filtering plot labeled G Fl which is for a 1st order Gaussian filter, it is 
seen that there is minimal induced performance penalty from band-limited filtering 
reductions from 50GHz to 20GFIz OBPF. Importantly the performance seen here is also in 
agreement with [4] for the case o f 50GHz OBPF. There is a progressive ldB  Q value 
performance penalty for every 10GHz centre frequency displacement for the range o f 
filtering bandwidths for 20 to 50GHz OBPF.
The second plot above labeled B (i.e. 2nd order Gaussian filter), illustrates the 
performance offset filtered 42.7GB/s RZ-DQPSK system from 20 to 50GHz OBPF. It is 
evident from this plot that performance o f  narrow band limited filters i.e. 20 to 30GHz 
OBPFs do suffer ldB  Q value penalty as compared to higher band pass filters 35 to 50GHz.
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The situation with offset filtering shows a progressive ldB  Q value penalty as the filter centre 
frequency is displaced progressively by every 10GHz. But as the filtering offset increases 
further away from the 0 offset (i.e. around the 75% filter bandwidth) the performance penalty 
o f the 2nd order Gaussian filter increases more compared to the performance o f  the 1st order 
Gaussian OBPF.
Thus it is obvious that the steepness o f  the OBPF skirts do affect the performance o f  a 
DQPSK system in an ASE noise dominated regime. The lesser the steepness o f  the OBPF 
the better the robustness to band limited and offset filtering in the presence o f ASE noise.
The level o f  performance penalties o f  the offset filtered 42.7 RZ-DQPSK is influenced 
by the particular bandwidth and the level o f filtering asymetricity. As obvious in the 
subsequent plots GF3 and GF4 (3rd and 4th order Gaussian filters), the performance penalties 
increases as the order o f Gaussian filters increase; for the case o f  the 3 rd order Gaussian filter 
the (50 to 35GHz) OBPF have the same performance as 0 centered filtering. These results 
are different from the 1st order Gaussian filter performance o f the 42.7GB/s RZ-DQPSK in 
plot 1 (G Fl) where there is no performance penalty from (50 to 20GHz) OBPF for the 0 
centered filtering.
The results in figure 4.6 show that the shape and bandwidth o f  OBPF is very influential 
in choice o f any optimization scheme. The analysis o f  42.7Gb/s RZ-DQPSK system under 
the impact o f narrow OBPF and offset filtering cannot be complete without a comparative 
evaluation with the performance o f 42.7Gb/s RZ-DPSK system, in the figure 4.7 below plots 
the penalties induced by offset filtering in a 35GHz OBPF 42.7Gb/s RZ (DQPSK and DPSK) 
systems are shown.
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Figure 4 .7 ;  The plot o f Q -Penalty in (dB) for 35GHz OBPF plotted against frequency offset (GFIz) for 16dB 
OSN R o f 42.7Gb/s RZ-DQPSK and 42.7Gb/s RZ-DPSK system.
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The above figure 4.7 shows the performance penalty from offset filtering from (0 to 
30GHz) offset o f 35GHz OBPF 42.7GHz RZ-DQPSK and RZ-DPSK system for an OSNR of 
16dB for both 3rd order Gaussians filter. As illustrated in the plot above the penalty induced 
from the performance o f 42.7Gb/s RZ-DQPSK system increases from (0 to 25 GHz) 
frequency offset with penalties ranging from (0 to 7) dB unlike the performance o f the same 
osnr DPSK system where the maximum penalty is - ld B  for 22dB offset o f the 35GHz 
OBPF.
Also as already explained in the former chapter 3 the performance o f the DPSK 
system tends to reach a peak in performance penalty around half the filter bandwidth for a 
strongly filtered system. The gradually decline in performance (increase in penalty) as seen 
in the DQPSK performance, is what is expected for most modulation schemes. But the 
narrow filtered 42.7 Gb/s DPSK is different due to its partial response signaling at the 
demodulator and simplicity o f the symbol modulation enhances better tolerance to offset 
filtering than DQPSK system.
We would expect the performance improvement as seen in DPSK systems [ 1,] to be 
scaled in DQPSK systems but unfortunately the case is not the same [9]. Although it has been 
shown that DQPSK system suffers more performance penalty compared to DPSK system for 
the same symbol rates [19]. This alone will justify the sensitivity o f the DQPSK systems to 
asymmetric filtering. In [1,2,3] it was reported that the DPSK system has a 600% better 
tolerance to offset filtering (laser detuning) than the corresponding DQPSK. The 
justifications for the lesser tolerance of DQPSK to offset filtering are explained below.
1 The higher level signaling with DQPSK was identified as the one o f the major reasons for 
the less tolerance to offset filtering compared to offset filtering with DPSK. The frequency 
shift in the AMZI can be represented in the below equation.
2tiV / =  ^  4.18
J dT
Where T represents the time delay in the AMZI, for a perfect system T is equal to —, (p
represents the phase error and V / is the frequency. Frequency itself can be defined as the rate 
o f change o f phase.
T x 2 ttV / =  (p 4.19
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The phase error accumulated for 42.7Gb/s DQPSK offset filtering at the output o f the MZI is 
twice the phase error for 42.7Gb/s DPSK by virtue of the above relationship that translates to 
the below equations for the same frequency offset.
(p(DQPSK)  =  27 x 2nV / 4.20
(p(DPSK) = T x  2n V f  4.21
From the equations (4.21) above it is obvious that the effect (phase error) o f center frequency 
offset o f the OBPF (laser detuning) in DQPSK systems is twice the effect o f the DPSK 
system for the same data rate. The increase in phase error generation o f DQPSK will negate 
the destructive and constructive interferences o f the AMZI, which will eventually result in 
error prone phase demodulation. Imperfect demodulation (phase to intensity conversion) 
affects the sensitivity o f phase modulated system. Therefore the improved sensitivity o f 
DQPSK systems to linear impairment will be lost with laser detuning (or frequency offset o f 
OBPF).
Also in [1] the lesser performance o f DQPSK systems with offset frequency (filtering) 
compared with DPSK as evident in the increased eye closure o f DQPSK was attributed to the 
a higher Multi-level signaling (encoding) and different operational points (phase for 
detection) at the AMZI. The increased complexity o f the encoding and decoding o f DQPSK 
is directly proportional to the performance penalty via offset filtering. Also o f great 
importance is the distance between constellation points o f the DQPSK modulation formats 
which is half the distance between constellation points o f the DPSK modulation formats.
Thus constellation points separation difference between both modulation formats been 
(factor o f 2) twice distance o f the DQPSK for the DPSK accounts for about 3 times the 
sensitivity to laser frequency offset for DQPSK. Increased symbol per bit is also a major 
factor limiting the performance o f DQPSK systems in the presence o f laser frequency offset 
or filtering offsets
4.7 Solutions to DQPSK sensitivity to Offset filtering.
The negating impact o f AMZI (phase) frequency offsets on 42.7 GB/s DQPSK 
systems is very high i.e. the effect o f detuning the laser or offsetting the optical bandpass 
filter in DQPSK systems has been qualitatively compared to DPSK systems in [1, 2, 3] as 
having a sextuple sensitivity relative to DPSK. The impact o f DQPSK demodulation 
impairments (phase error, AMZI delay, and extinction ratio, amplitude imbalance at the BPD
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and signal delay at the BPD) was analyzed in [1] and phase error due to AMZI frequency 
offset was identified as the major drawback for DQPSK systems.
When the performance o f  DQPSK systems in linear and non linear regimes are also 
evaluated in conjunction with demodulation impairments, the severity o f  the impact o f 
frequency detuning on DQPSK is a major standout as also evident in the figure 4.6 above; 
Where the ASE noise limited and frequency offset performance o f  a 42.7Gb/s RZ-DPSK and 
RZ-DQPSK were both modeled for a typical filter bandwidth experienced in a 50GHz grid. 
For a frequency offset o f  half the filter bandwidth in figure 4.6 , the DQPSK system 
experienced a 3.6dB performance penalty while the DPSK system witnessed a l.ld B  penalty 
reduction. The contrasting performance o f  the DQPSK system and the DPSK system with 
offset filtering is very intriguing, being that the difference between both phase modulated 
systems is a symbol ratio o f 2:1.
4.7.1 Im pact of an Asymmetric filtered receiver mode! on 42.7Gb/s 50% RZ-DQPSK 
However despite the detailed physical explanations that has been reported in [1,2,3,4], 
these research which is based on offset filtering o f  high speed phase modulated signaling still 
seek to further understand and improve the performance penalty inherent in offset filtered 
(laser detuned) 42.7 Gb/s DQPSK systems. Thus a novel model similar to the 42.7 Gb/s RZ- 
DQPSK system modeled in figure 4.2, but with some alterations at the receiver. The 
motivation for this model comes for the model that was deployed in the chapter 3; The novel 
asymmetric filtering receiver design was based on particular physical circumstances evident 
at the outputs o f  the MZI for a DPSK system (DB and AMI). However the spectra profile o f  
the output ports o f MZI for DPSK is different from the spectra profile o f  the outputs o f  AMZI 
for the DQPSK systems. This is due to the intrusion o f  the IN-phase modulated DQPSK 
signals into the Quadrature signals and vice versa. Thus this intrusion results in cross talks 
that reduces DQPSK system performance relative to DPSK for the same symbol rates.
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Fig 4 .8The contour plot labeled above ( 1st order 50GHz Gaussian filter), for Q value (dB) 
plotted against frequency offset o f filter at Destructive port -X  axis(GHz) and frequency
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offset o f filter at Constructive port -Y  axis(GHz) for 16dB OSNR o f a 42.7Gb/s RZ-DQPSK 
system.
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Fig 4.9 The contour plot labeled above (3rd order 35GHz Gaussian filter), for Q value (dB) plotted against 
frequency offset o f  filter at Destructive port -X  axis(GHz) and frequency offset o f  filter at Constructive port -Y  
axis(GHz) for 16dB OSNR o f  a 42.7Gb/s RZ-DQPSK system.
The contour plots 4.8 and 4.9 are for the performance o f  a novel filtering design similar to the 
DPSK model as shown in figure 3.13, but without the filter 1. Thus the motivation for 
deploying this filter design is to investigate the impact o f offset filtering at the two output 
ports o f  the AMZI on the performance o f  a 42.7 Gb/s DQPSK system. The same design was 
deployed with a DPSK system and it was shown to improve performance by 2dB at low 
OSNRs (figure 3.15 and figure 3.16). However the result has seen here in figure 4.8 and 4.9 
both for different filter bandwidths and shape (figure4.8 -50GHz OBPF l ht order and 4.9 - 
35GHz OBPF 3rd order Gaussian filters). The aim o f  choosing different bandwidths and filter 
shape is to characterize the impact o f  the novel filtering design on DQPSK systems and 
compare with conventional filtering design.
But the results as seen in 4.8 and 4.9, does not show any performance improvement o f 
novel filtering design with a 50GHz OBPF but interestingly improves the performance o f the 
35GHz OBPF by about 1 dB. The different performances o f  the novel filtering design with a 
DQPSK system via different bandwidths can be compared to the performance o f  asymmetric 
filtered DPSK systems with different filter bandwidths, where wider filter bandwidths do 
witness the same level o f performance improvements as seen in strongly filtered regime. The 
absence o f  significant performance improvements in a DQPSK system via the novel filtering 
design can be attributed to the level o f  cross talk between both tributaries. It is well known
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that the duobinary signal at the constructive port o f a balanced detected DPSK system is very 
tolerant to tight filtering and the AMI at the complementary output port o f the AMZI is very 
sensitive to narrow filtering. But the results here with the novel DQPSK contour plot above 
shows an almost equal response o f the two output ports as seen on the axis o f the contour. 
The results here does show a marginal performance improvement for the 42.7 Gb/s DQPSK 
with a 3rd order Gaussian 35 GHz OBPF, this gives some insights on the inherent 
performance improvement potentials available at the DQPSK demodulator. Thus more 
extensive investigations are desirable with different filter bandwidths, filter shapes and signal 
formats so that a comprehensive impact evaluation o f the novel filtering design on a 42.7 
Gb/s DQPSK systems can be achieved. .
4.8: Impact of offset filtering on 42.7Gb/s DQPSK system in ultra narrow  optical
filtering regime.
Considering the symbol rate o f a 42.7 Gb/s DQPSK which is dual 21.34Gb/s, thus a 
35GHz OBPF does not necessarily represent a strong filtering regime for a 42.7 Gb/s DQPSK 
system. Herein a very strong (17.5GHz OBPF) optical filtering is deployed at the receiver to 
investigate the extent o f the tolerance o f the DQPSK system to very narrow filtering.
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Fig 4.10: Q v a lu e (d B ) vs frequency offset o f  filter o f a 42.7Gb/s RZ-DQPSK system 3ul 17.5GHz OBPF for 
20dB  OSNR (dashed lines for quadrature receiver and continuous line for the in phase receiver performance).
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The figure 4.9 above shows the Q value in dB plotted against filter offsets in GHz for a 
3rd order 17.5 GHz OBPF for a 42.7 Gb/s 50%RZ -DQPSK system. The dash line represents 
the performance o f the quadrature receiver and continuous line represents the performance o f 
the in-phase receiver. The performance shows that at half filter width the performance o f the 
system is improved by around ldB in calculated Q values as compared to the symmetric 
filtered case.
Although if the in-phase receiver is considered the filter has to be displaced from carrier 
frequency by around 8GHz offset to the negative axis, offsetting to the positive axis leads to 
performance penalty. Vice versa is true for the performance o f the quadrature receiver. Thus 
the result here shows that tolerance o f the DQPSK system to offset filtering (laser detuning) 
is significantly improved in a very narrow filtering regime. If  the results here are compared 
with results in chapter 3 for DPSK system, there is a performance penalty o f more than 3dB.
The remarkable feature o f the result here is that offset filtering could enhance the 
performance o f 42.7Gb/s DQPSK system in a 25GHz grid.
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4.9: Summary on Chapter 4
The impact of band limited filtering, different filter shapes, chromatic dispersion and 
offset filtering on 42.7 Gb/s DQPSK system has been examined in this chapter. The 42.7Gb/s 
DQPSK modulation format is very tolerant to strong optical filtering most especially within a 
50GHz grid, it offers a better tolerance to chromatic dispersion than an equivalent DPSK 
system at the same data rate.
Comparing figure 3.2 and figure 4.3 using the performance o f a 35GHz optical band 
pass filter (representative o f actual bandwidth available in a 50GHz due to concatenation o f 
several filters) as an indicator, the DQPSK system offers 2dB penalty via best and worst 
performance o f the different filter shapes as opposed to ~6dB performance penalty inherent 
with an equivalent DPSK system. Thus a DQPSK system is more robust to variations in filter 
shapes.
Despite the numerous merits o f a DQPSK system relative to a DPSK system, an 
outstanding performance limitation is the performance in the presence of laser detuning (filter 
offset) or phase error. In the presence o f offset filtering the performance o f a DQPSK system 
becomes a performance penalty. In this chapter different receiver designs have been modeled 
to address this problem and the impacts have been marginal compared to the performance of 
DPSK systems in the presence o f offset filtering. This is largely due to the lesser symbol 
spacing inherent in a DQPSK systems, which enhances crosstalk from the opposite 
tributaries.
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CHAPTER 5:
5.1 Optical Coherent Binary Phase Shift Keying (BPSK) modulation format in 50GHz
Grid.
This chapter describes the optical coherent phase shift keying modulation (BPSK) 
within the context of tight optical filtering, most especially the impact of offset filtering 
within a 50GHz grid. However, having described the contribution o f this research 
investigations to enhancements o f DPSK demodulation on a 50GHz grid with offset filtering 
in chapter 3, and the performance penalty reduction impact o f offset filtering on a 42.7Gb/s 
DQPSK in chapter 4, it becomes imperative to investigate the impact o f offset filtering on a 
coherent detected 42.7Gb/s BPSK system. By comparing DPSK and BPSK signalling in 
terms o f phase referencing, it could be envisaged that the impact o f offset filtering on a BPSK 
system in a tight optical filtering regime might be more beneficial than the an equivalent 
DPSK systems.
The exact phase referencing with BPSK detection as compared to relative self 
referencing between successive bits with DPSK might be the key factor determining better 
performance between the two modulation/demodulation formats. Chapter 5 is composed of 
the following: the impact of band-limited filtering on BPSK systems, impact o f filter shapes, 
impact of offset filtering and impact of chromatic dispersions all on an optical BPSK 
modulation format within a 50GHz grid.
5.2 Impact of band limited filtering on coherent BPSK
Coherent BPSK detection has been identified as having about 4 dB improved sensitivity 
in the presence o f ASE noise over the IMDD, also about 2dB improved sensitivity over 
DPSK detection. The performance analysis o f both DPSK and Coherent BPSK is that o f 
mixed merits and demerits, because despite the reported performance improvement o f 
coherent BPSK over other modulation formats, inherent linewidth increase limitation and 
phase locking requirement are difficult to implement in practise, thus until this impairment is 
addressed in coherent BPSK i.e. by designing phase lock loops or improving the robustness 
o f coherent homodyne detection to increase laser linewidth it may be difficult to actualize the 
vast benefits o f coherent BPSK.
Notwithstanding it is still relevant to analyse the impact o f optical band-limiting filtering 
on the PSK signals in the presence o f ASE noise. The generation o f ASE noise is one o f the 
major drawbacks in the transmission o f different modulation formats. In the presence o f shot
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noise the performance o f  coherent BPSK has been reported in [5] to achieve the best receiver 
sensitivity o f all modulation formats via its lesser number o f photons per bit requirement for 
detection.
Q
O o
Fig 5.1 BPSK constellation diagram
It is important to note that employing strong OBPF generally results in performance 
penalty for strongly filtered formats. But the use o f  narrow filters becomes inevitable 
particularly on a 50GHz grid which is within the context o f this research. The ASE rejection 
by narrow filtering, the performance o f  duobinary signalling inherent BPSK formats 
(constructive port) and the exact phase exaction due to the BPSK signal mixing with the 
local oscillator's signal, alleviate the performance penalties o f  strongly filtered PSK 
modulation formats.
The performance o f  BPSK modulation formats in the presence o f  strong filtering will be 
modelled in this chapter in order to make comparative analysis o f  BPSK and DPSK formats. 
The tolerance o f  DPSK format to tight optical filtering has been reported in [10]. In these 
analyses wide and narrow bandpass filters have been employed via numerical analysis to 
characterize the performance o f homodyne BPSK detection.
It is important to examine the influence o f  optical bandpass filters on the performance o f 
Homodyne PSK detection as would be encountered via concatenation o f  several filters (in 
practical systems) is inevitable and most importantly on a 50GHz grid.
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Figure 5.2: Schematic diagram o f Coherent BPSK model.
This examination is firstly initiated by mixing the received PSK signal with a local 
osciillator signal via a bidirectional coupler. The system used in the simulations, illustrated in 
Fig 5.2 above, is as follows; a 27 PRBS is used to drive a Mach-Zehnder modulator (MZM) 
to produce a 42.7 Gb/s PSK optical signal. We confirmed that increase in length o f PRBS 
doees not result in any significant change in observed trends. A pulse carving MZM is used to 
gemerate a 50% RZ signal. Noise is then added using the VOA/amplifier combination. At the 
receiver, the PSK signal is fed through an optical bandpass (OBPF) filter then to the 1st input 
arm i o f a 3dB coupler. The other input o f the 3dB coupler is fed with a local oscillator signal.
The local oscillator phase is varied to establish the best performance [4]. The output o f 
the (coupler (left arm o f the mixer) couples the in-phase PSK signal with the in-phase local 
oscilllator’s signal, the right arm of the mixer couples the out-of-phase PSK signal with the 
out-cof-phase local oscillator signal. A balanced detection model is used to generate the 
calciulated ‘Q’s. The outputs o f the mixer constructive and destructive ports are fed to two 
phottodetectors.
The OSNR at the receiver for the investigation was varied from 15dB to 25dB. The 
filterr at the receiver was generally taken between 80 to 40GHz, although narrow bandpass 
filt erring performance is the major focus o f this investigation. It is important to understand the 
performance trend o f PSK homodyne detection from wide filtering regions to narrow filtering 
regkons. A 30GHz bandwidth 5th order Bessel electrical filter (-70%  of the optical
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bandwidth) was used following the receiver. In the following the Q-values were calculated 
assuming Gaussian statistics.
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Figure 5.3 The Q values in (dB) for a 80 GHz OBPF Homodyne 42.7Gbps coherent BPSK system plotted
against local oscillator phase (Degrees).
Figure 5.3 above shows the performance o f an 80GHz OBPF Homodyne 42.7Gbps 
BPSK system plotted against local oscillator’s signal phase (degrees). This result shows that 
the performance o f a Homodyne 50%-RZ PSK system (80GHz OBPF) exhibits a periodicity 
o f 180 degrees at the detector which is consistent with the phase separation o f the modulated 
symbols at the transmitter.
The plot also highlights the significance o f phase locking o f the homodyne BPSK 
detection, without which the inherent benefits o f the homodyne detection is not optimized. 
The difficulty in achieving phase locking practically is also shown here with the maximum 
performance of the homodyne detection is only achieved when the local oscillator’s signal is 
aligned to the phase o f the data signal and at ±90 degree phase alignment the performance o f 
the PSK system is at a minimum. The intermediate frequency o f the homodyne PSK is null, 
due to the frequency alignment o f the carrier frequency and local oscillator laser’s frequency. 
The phase periodicity shown here confirms an inherent attribute o f phase alignment o f a 
perfect homodyne PSK detection.
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Figure 5.4: The Q values in (dB) plotted against Optical bandwidth (GHz) for a 40 to 80 GHz 
OBPF Homodyne 20dB 42.7Gbps 50% RZ-PSK and DPSK systems
The figure 5.4 above illustrates the performance o f 50%-RZ BPSK and DPSK systems for 
a 42.7Gb/s data rate. The figure shows the performance o f  optical band-limited filtering for 
both DPSK and PSK modulation formats. As seen above there is ~2dB improvement in 
performance o f the coherent PSK system for 40 to 80GHz OBPF over a corresponding DPSK 
system. The better baseband extraction o f  the coherent PSK is responsible for the improved 
sensitivity over the DPSK version, in this case the better (exact ) phase extractions o f  the 
local oscillator and received signal mixing over the self referencing o f  the DPSK accounts for 
the improved sensitivity.
Thus in the presence o f ASE noise limited back-to-back transmission o f  phase modulated 
formats the PSK achieves ~2dB improvement in Q performance for an OSNR o f  20dB over 
the DPSK format within wide to narrow optical filtering regimes. In view o f  the OSNR 
employed in the simulations (20dB) this result is consistent with reported investigations in 
[7,11] where PSK has been shown to record best receiver sensitivity. Although in some 
related context the performance o f  DPSK has been comparable to the synchronous 
heterodyne systems due to similar photon/bit requirement o f the receiver (i.e. 21.9 and 20
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photon/bit). It must be noted that in the absence o f pre-amplification the sensitivity o f the 
coherent homodyne detection can be as much as 20dB improvement over the direct detected 
case. This also strengthens the popularity o f the DPSK modulation in pre-amplified systems 
where the receiver sensitivity is greatly improved due to the dominance of the ASE noise 
over the shot noise.
In terms o f the strong filtering regimes which is the main scope o f this investigation 
there is need to explore the inherent signal amplification and baseband information extraction 
o f the PSK over the DPSK modulation format for performance improvement on a 50GHz 
grid, despite the performance improvement seen with band-limited filtering o f BPSK over 
DPSK. We shall also be investigating the impact of filter shape, tolerance to laser offset 
(optical offset filtering) and other related linear impairments (dispersion).
5.3 Impact of filter shape on Homodyne coherent detected 42.7Gb/s BPSK
The relevance o f optical filter shape and bandwidth in coherent detection o f BPSK systems 
needs to be investigated to understand its implication on multiplexing and demultiplexing 
(mux/demux) so as to envisage the inherent constraints in the presence o f filter concatenation 
in WDM transmission for a 50GHz or 100GHz channel spacing. The model used in this 
investigation is the same model deployed in figure 2. In the simulation the OBPF used 
emulate a DEMUX, whereby the order o f the filters is set from 1 through 4 respectively.
The transfer function of Gaussian filter as defined in equation 2.48:
The figure 5.5 shows a plot o f Q in (dB) for several other Gaussian filters for specific 
bandwidths ranging from 35GHz to 80GHz OBPF for a 42.7Gb/s 50% RZ-BPSK 20dB 
(O SN R ).
It is evident from above results that for wider bandwidths i.e. 45GHz and above that the 
penalties accruable from deploying higher other filters reduce. This is in contrast to narrower 
filters where the performance o f the BPSK in strongly filtered regimes shows some heavy 
penalty. But interestingly the performance o f BPSK with a 1st order Gaussian filter is more 
resilient to narrow filtering penalties as compared to higher order Gaussian filters.
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Figure 5.5: The Q values in (dB) plotted against different orders o f Optical Gaussian filter bandwidths (GHz) 
from 30 to 80 GHz OBPF Homodyne 20dB 42.7Gbps 50% RZ-BPSK systems.
It is true that DPSK modulation formats due to the duobinary signal (constructive 
interference) characteristics have strong tolerance to narrow filtering. This can be derived by 
deploying narrow filters in single ended detection or by increasing the free spectral range in 
the MZI (PDPSK) [3],
Thus it will be o f  interest to seek an alternative performance improvement strategy with 
BPSK modulation format in narrow filtering regimes. Because the difference between DPSK 
and PSK is the replacement o f phase referencing at demodulator with PSK signal mixed with 
a pure coherent local oscillator signal, it would be anticipated that the narrow filtering 
performance o f Homodyne BPSK detection should be better than DPSK performance. The 
baseband extraction by the BPSK detection is thus better as had been shown with the 
excellent use o f DSP to recover the imaginary and real components o f detected phase 
modulation formats [1, 5].
The main focus o f  this thesis is to investigate strategies for improving analogue 
transmission o f  optical phase modulated systems. The performance improvement o f DSP, i.e. 
via electronic dispersion equalization (compensation) has been described as overestimated by
[16] as seen in [14, 15]. Also important is to consider the impact o f memory modulation 
formats i.e. combining phase and intensity modulation in improved tolerance to specific 
impairments [17]. This memory modulation can be induced by pre-filtering (offset filtering) 
o f  the memory-less modulation formats [17, 18].
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This induced memory modulations as will be seen in the next section can further enhance 
the performance o f BPSK in tight filtering regime. Here in the performance limit of optical 
coherent BPSK system is investigated without DSP or optical signal processing. Offset 
filtering and Single side band filtering [12,13] potential strategies that would be explored in 
the process o f improving the sensitivity o f Homodyne PSK detection in a 50GHz grid, 
analogous to the fact that with DPSK, PDPSK has shown performance improvement over 
conventional DPSK demodulation.
5.4 Impact of Offset filtering on 40 Gb/s coherent BPSK within Strongly filtered
regimes
In this section the impact o f tight filtering on simple BPSK modulation will be modelled 
with the aim o f evaluating its deployment at 40 Gb/s or at 50Gb/s which with polarization 
multiplexing could provide a simple route to lOOGb/s transmission. The prospect of 
deliberately offsetting the filter far from the channel centre to improve performance will be 
explored. In an earlier work on CSRZ-DPSK [13] it was shown that offset filtering offered ~1 
dB improved performance in the presence o f ASE noise as compared to symmetric filtering.
The filtering (45 GHz) used in that work was rather wide and may not be fully 
representative o f filtering that can be encountered on a 50GHz grid having several 
concatenated filters. Here the consideration is for a rather different format o f BPSK and will 
consider the tightly filtered case.
Thus the impact o f offset filtering on 42.7 Gb/s coherent BPSK using filter bandwidths in 
the region o f 35GHz will be examined here. It will be shown here that asymmetric filtered
42.7 Gb/s coherent BPSK has an excellent robustness to strong filtering induced penalties 
compared to the symmetric filtered case. The focus o f this section is the improvement o f the 
asymmetric filtered BPSK, that suggests that detuning the transmit laser could result in an 
exceptional performance improvement in a narrow optical filtering scenario in a 50GHz 
spaced PSK systems.
The model used in figure 5.2 is also deployed in this section for investigating the impact of 
offset filtering on a strongly filtered 42.7 Gb/s 50%RZ- BPSK system.
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Fig. 5.6 Q values (dB) as function o f offset in (GHz) o f 42.7Gb/s 50% RZ-PSK 35G-Hz OBPF for three values
o f  OSNR (dashed-13dB,dotted-16dB continuous-20dB)
The figure 5.6 above illustrates the calculated Q in dB as function o f  frequency offset o f a 
35GHz OBPF for three different values o f  OSNR (13, 16 and 20dB). In all three cases the Q- 
value rises steadily from zero offset to a peak at ~18GHz and then the performance declines 
as would be expected. With all three OSNRs the best performance is found with an offset o f 
~18GHz which is half the filter bandwidth. However when a wider bandpass filter (40GHz) 
in figure 5.7 is considered the performance trend changes, as compared to the 35GHz OBPF 
above.
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Fig. 5.7 Q values (dB) as function o f offset in (GHz) o f 42.7Gb/s 50% RZ-BPSK 40GHz OBPF for three values
o f  OSNR ( dashed-13dB,dotted-16dB continuous-20dB)
It should be noted that this also a very large fraction o f  the signal bandwidth. This plot 
indicates that for a 18GHz offset o f  a PSK 42.7Gb/s-35GHz OBPF the performance is
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significantly improved as compared to the symmetric filtering. The size o f  the improvement 
by ~3, 5 and 8 dB for an OSNR o f  13, 16 and 20dB respectively is very large and clearly 
significant. But for a wider filter (40GHz) OBPF the performance o f  the peak filter offset 
(around half filter width) becomes more o f a performance recovery.
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Fig. 5.8 Q value as function o f  offset in (GHz) for different bandwidths o f 42.7 
Gb/s 50%RZ-PSK system 20dB OSNR.
The figure 5.8 shows a plot o f Q value in dB as a function o f frequency offset for a range 
o f  filters for an OSNR o f 20dB. O f course, in this model, filter bandwidth and data-rate 
exactly track each other so that stronger values for filtering correspond with what would be 
expected in a higher data-rate system, e.g. increasing data-rate to 50Gb/s is equivalent to 
-2 5 %  reduction in filter width.
The different strongly filtered bandwidths show a general trend in performance 
improvement as the centre frequency o f the filter is displaced from the carrier. The peak for 
the listed OBPFs offsets coincides with half the optical filtering bandwidths. The 
corresponding performance in Q values (relative to the centre filter Q) for the optimized 
offsets range from lOdB to 1.23dB improvement for the narrowest to the widest filter used in 
the calculation. Figure 5.8 shows clearly the decrease in the magnitude o f  the Q improvement 
as the filtering bandwidth is increased.
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Fig. 5.9 Q value as function o f  OSNR in (dB) for conventional (square-m arker) and 18GHz offset (diam ond -
m arker) for 35GHz o f 42.7Gb/s 50% RZ-BPSK system.
These results can be better appreciated by the plots in figure 5.9 which shows the 
performance improvement o f a 35GHz bandwidth for the centred filtered and optimized 
offset filtering(35GHz-OBPF) for 42.7Gb/s RZ-PSK for 20dB OSNR. For the higher 
OSNR, the performance improvement is as much as 9dB and the performance diminishes to 
about 3dB in calculated Q for lower OSNRs.
The initial report o f performance improvement by offsetting the filter in phase modulated 
systems was first reported in [13] for DPSK where relatively wide filtering was used and the 
improvement observed was modest. By contrast here we have observed a larger performance 
improvement o f PSK with tight offset filtering. The improvement referred to here should be 
understood to be in effect a recovery from the impact o f the tight filter so that the narrower 
the filter the greater the potential for recovery.
In figure 5.8 it can be seen that an almost full recovery is possible for the case o f an ASE 
limited system if an offset o f  half the filter bandwidth is achieved. Thus this is why the very 
large improvements are seen for the narrowest filters [12, 19].
Thus the actual physical reason for the improvements as seen with offset filtering is better 
analysed with the corresponding eye diagrams in figure 5.10, which compares the received 
(balanced) eyes at zero offset (5.10A) and that at the half filter bandwidth offset (5.10B). 
The wider eye opening seen in the offset case (5.10B) is due to pulse width reduction 
occasioned by an induced memory modulation from offset filtering at half filter bandwidth
[17]. The offset filtering at half filter bandwidth (18GHz) clearly introduces side-band
CT35CPSK
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suppression (VSB filtering) and the VSB filtering enhances improved performance over 
centred filtered case [12, 20, 21] in a tightly filtered regime due to better ASE-noise rejection. 
More importantly offset filtering (prefiltering) has been identified to induce memory 
modulation in a memory-less modulation format [18] and memory modulation formats have 
an inherent better tolerance to specific impairments (tight filtering induced penalties) due to 
the correlative nature o f the memory modulation format [17, 18]. Thus the improved 
performance o f 18GHz offset filtered (VSB) coherent PSK system (memory modulation) 
over the centred filtered case (memory-less) is due to the additional degree o f  freedom gained 
by the offset filtering induced symbol correlations. However the level o f  the memory 
modulation induced in a tightly filtered regime is more enhanced with coherent 42.7Gb/s 
PSK system than as seen with a 42.7Gb/s DPSK system [13, 19] due to a better phase 
extraction as opposed to the self phase referencing o f  sequential bits in the DPSK system.
Fig. 5.10 Eye diagrams for 42.7Gb/s BPSK for a centered filtered (A) and 18GHz offset filtered (B) for 35GHz
filter (20dB OSNR)
5.5 Chrom atic Dispersion perform ance of Coherent Detected 42.7Gb/s BPSK system
The performance o f coherent BPSK systems in the presence o f  chromatic dispersion has 
been reported by several papers [1,2 ] compared to the DPSK, coherent BPSK has been 
described to a large extent as largely degraded. This leads to the largely popular DSP used in 
processing o f  coherent detected signals, by equalizing the baseband at the electrical end for 
the chromatic dispersion penalties [3,4]. But a paper [16] reported on the resilience o f  10 
Gb/s coherent NRZ-BPSK to chromatic dispersion induced ISI, this was achieved by phase
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rotation o f the local oscillator signal. The lesser penalty induced by phase rotation o f local 
oscillator (phase lock loop PLL) in this paper compared to without phase rotation and a 
similar DPSK system is quite convincing (NRZ in lOGb/s Coherent PSK system).
In view o f RZ receiver designs outperforming NRZ receiver designs in the presence o f 
linear and non-linear impairments, the tight filtering scenario encountered in 50GHz grid and 
severity o f  the chromatic dispersion impact on 40Gb/s PSK signals: It becomes inevitable to 
investigate the impact o f residual dispersion on strongly filtered 42.7Gb/s RZ-PSK systems.
The impact o f  chromatic dispersion on 42.7Gb/s PSK is 16 times the impact on lOGb/s 
PSK. The magnitude o f  the performance improvement seen here within a strong filtering 
regime via phase rotation o f  local oscillator’s signal in 42.7Gb/s RZ-coherent PSK is 
significantly higher than reported in [16].
The 42.7Gb/s PSK and DPSK (without phase rotation) performance in the presence o f  
chromatic dispersion are lesser than PSK with PLL. Thus failing to justify the overall 
potential o f  the homodyne 42.7Gb/s coherent detected PSK in presence o f  residual dispersion 
without (PLL) phase rotation in narrow filtering regimes may lead to overvaluation o f the 
impact o f  DSP.
5.5.1 Results of chrom atic dispersion perform ance of 42.7Gb/s 50% RZ-PSK.
In this section the unusual performance improvement o f 42.7Gb/s coherent BPSK in the 
presence o f  residual dispersion will be presented, by actually quantifying the impact o f  tight 
optical filtering with 35GHz OBPF.
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Figure 5.11: The Q values in (dB) plotted against Optical bandwidth (GHz) for a 35GHz OBPF Homodyne 
20dB 42.7Gbps 50%RZ-PSK and DPSK systems in the presence o f 0,100,150 and 200 ps/nm.
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These results suggest that via coherent PSK detection in tight filtering regimes that the 
optimum performance is achieved in the presence o f some residual dispersion as opposed to 
zero dispersion. The system model is similar to the model in figure 5.2, but for the addition o f 
some chromatic dispersion as a function o f fibre lengths.
The figure 5.11 plots the Q values in dB against the LO 's phase rotations in degrees for 
a balanced detected 42.7 Gb/s PSK system. It can be seen that the performance o f  the system 
in the presence o f  lOOps/nm chromatic dispersion outperforms the zero dispersion 
performance. However the system performance becomes degraded in presence o f  200ps/nm 
chromatic dispersion relative to the zero dispersion performance.
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Figure 5.12: The Q values in (dB) plotted against chromatic dispersion in ps/nm for 35GHz OBPF Homodyne 
20dB OSNR for 67%  and 50% RZ for 42.7Gbps-PSK and DPSK systems.
The Figure 5.12 shows a plot o f Q value in dB against chromatic dispersion in ps/nm 
for a 35GHz OBPF 42.7 Gb/s BPSK OSNR o f  20dB (for both 50% and 67% RZ). The dotted 
line, smaller dashed line, longer dashed line and continuous line represents 50% RZ with 
phase rotation in local oscillator, 50% RZ without phase rotation, 67% RZ without and with 
phase rotation in the local oscillator. Figure 5.12 shows that the performance o f 42.7 Gb/s 
RZ-BPSK (no PLL) declines in the presence o f dispersion, but with an efficient PLL 
performance increases with dispersion to a peak o f around 75 ps/nm before the performance 
starts to decline, thereby showing a performance improvement o f  9.52 dB (calculated Q) in 
the presence 75 ps/nm with PLL, as opposed to the performance without a PLL.
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This result is more interesting considering the fact that the performance o f  a strongly 
filtered 42.7Gb/s RZ-PSK in the presence o f some chromatic dispersion (75 ps/nm) actually 
outperforms the performance without any chromatic dispersion by -4 .5  dB. Thus we carried 
out the same investigations with the same configuration used in figure 1 but with an OSNR o f 
15dB and we still noticed the same trend in performance o f  a strongly filtered 42.7Gb/s RZ- 
BPSK with PLL, i.e. -6  dB improvement in the presence 75 ps/nm chromatic dispersion with 
PLL that also show -2  dB improvement over zero dispersion performance.
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Fig 5.13: Contour plot o fQ 2 value in (dB) for chromatic dispersion (ps/nm ) against phase rotation o f local 
oscillator (degree) for 42.7Gb/s 50%RZ BPSK for strongly filtered 35GHz OBPF.
The contour plot in figure 5.13 enhances a better understanding o f  the performance o f  
homodyne Coherent PSK with PLL in the presence o f residual dispersion. The contour plot 
show the plot o f residual dispersion (-150 to 150 ps/nm) on the vertical and phase rotation in 
(degrees) on the horizontal axis. The plot shows that the performance o f a strongly filtered 
42.7Gb/s 50%RZ-PSK reaches a peak at — 75 and 75ps/nm with corresponding LO phase 
rotations o f -135 and 45 degree relative to zero dispersion performance.
It is a known theoretical fact that phase change due to dispersion in optical transmission is 
directly proportional to GVD, angular frequency and distance i.e.
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U(z ,a) )= U(0, cj) exp ^ f tm 2z). 5.1.
where U(z,a)) , f t ,m  and z  represents Fourier transform o f the optical field, GVD, angular 
frequency and distance o f fiber. The phase change with a Gaussian pulse in the PSK system 
itself can be represented as
0 ( T ) =  + 5.2.
v ' 1+O/Z-d) 2 T02 2 K LD J
where 0( z , T)  ,LD T0 and T are the time-dependent phases, dispersive length, initial pulse 
width, and pulse-width after distance Z respectively. From 5.2 it can be seen that first part of 
the equation has a negative sign that justifies the performance in figure 5.13 where in the 
presence o f +75ps/nm dispersion the phase change in local oscillator is complementary o f the 
phase change for -75ps/nm dispersion, i.e. 45 and 135 degree. Thus dispersion imposes linear 
frequency chirp that are of opposite signs for f t  >  0 (-) and f t  <  0 (+).
In the equation 5.2 above the first part shows the time dependent phase shift inherent in the 
presence o f chromatic dispersion and the direction of the phase rotation depends on the sign 
o f the f t
sg n ( f i 2X Z / L D) T2 ^
1+(Z/Ld)2 2T02
And the second part shows the constant time constant phase shift that depends on distance 
and pulse width.
+ 2 tan x(|-) 5.4
For a positive chromatic dispersion, a negative phase shift is induced on the PSK system 
by the combination o f the constant phase shift (5.4) and time dependent phase shift (5.3). The 
two different phase shifts are in opposite directions, but the magnitude o f (5.3) exceeds the
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magnitude o f (5.4), such there is a net negative phase shift induced by the presence o f a 
positive chromatic dispersion in the scenario in the contour plot above. The impact o f the 
local oscillator phase rotation which can be seen from the figure 5.13 shows and justifies the 
positive phase rotation o f +~50° for the local oscillator to compensate for the net negative 
phase shift due to chromatic dispersion and the OBPF.
The reverse is the case for a negative chromatic dispersion, a net positive phase shift is 
induced on the BPSK system by the combination o f the constant phase shift (5.4) and time 
dependent phase shift (5.3). The two different phase shifts are in opposite directions, but the 
magnitude o f  (5.3) adds up to the magnitude o f (5.4), such there is a net positive phase shift 
induced by the presence of a negative chromatic dispersion in the scenario in the contour plot 
above. The impact of the local oscillator's phase rotation which can be seen from the figure 
above (5.13) shows and justifies the negative phase rotation o f —130° for the local oscillator 
to compensate for the net positive phase shift due to a negative chromatic dispersion.
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5.6 Chapter 5 Summary
1 In this chapter it has been shown, via numerical simulation, that the impact o f tight optical 
filtering in high-speed coherent PSK systems can be greatly reduced by offsetting the OBPF 
(equivalent to laser detuning). Impact as large as lOdB is reported for very tight filtering. A 
simple local oscillator system has been modelled for coherent detection o f 42.7 Gb/s PSK 
signal with strong offset filtering. The results show that the performance o f strongly filtered 
PSK system can be greatly improved by offsetting the filter (or equivalently detuning the 
transmit signals) by around one half the filter bandwidth. For low OSNR (13dB) an 
improvement of up to 3dB and by up to lOdB for a high OSNR has been reported in this 
chapter for coherent PSK. The improvement seen here is quite general and, for example, 
could enable simple, but high performance, PSK coherent 40Gb/s systems compatible within 
a 50GHz grid.
2 The effect of coherent detection (PSK) in a strongly filtered regime on the chromatic 
dispersion performance of 42.7Gb/s 50%RZ-PSK systems was modeled and it was shown 
that system performance can be improved by rotating the phase o f the local oscillator signal 
to align with phase of the dispersed PSK signal. The eye opening penalty o f coherent
j Detected PSK signal can be reduced by as much 8 dB in the presence o f chromatic
I dispersion.
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CHAPTER 6
6.1 Optical Coherent Quadrature Phase Shift Keying (QPSK) modulation format in 50
GHz Grid.
The impact o f offset filtering on 42.7 Gb/s DPSK, DQPSK and BPSK systems on a 
strongly filtered regime (50GHz grid) has been investigated and reported in chapters 3, 4 and 
5. However, despite the inherent performance improvements of the 42.7 Gb/s DSPK and 
BPSK systems in a strongly filtered regime due to offset filtering as opposed to the 
performance penalty inherent with in 42.7 Gb/s DQPSK system with offset filtering, it will be 
o f great interest to characterise the optical (analogue) performance o f 42.7 Gb/s QPSK 
systems in a 50 GHz grid.
The performance o f DQPSK systems is largely degraded with frequency offsets due to 
lesser symbol spacing between bits as opposed to n  phase difference between DPSK
and BPSK bits, higher induced phase error, and higher number o f optical phase symbols and 
(AMZI) operating points (leads to higher eye closure). Nevertheless, the performance penalty 
inherent with offset filtering o f the 42.7 Gb/s DQPSK systems within a 50GHz grid is not the 
main highlight o f this multi-level signalling format; its compatibility with a 50GHz grid via 
narrow band-limited filtering is the reason for its prominence.
The investigations on coherent 42.7 Gb/s QPSK performance in a TOF regime will be 
presented in this chapter by describing the modulation and demodulation in section 6.2. The 
next sections 6.3, 6.4, 6.5 and 6.6 will be focused on the modelled performance o f a coherent
42.7 Gb/s QPSK system in a narrow filtering regime, its impact with different filter shapes, 
its performance with asymmetric filtering, and the performance o f a 42.7 Gb/s QPSK system 
in the presence o f chromatic dispersions. The section 6.7 conclusion section compares the 
results generated with QPSK under different applications scenario with an equivalent 
DQPSK system.
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Figure 6.1: QPSK symbol spacing 
The figure above shows the constellation diagram o f  a QPSK system, which has the 
same constellation diagram as an optical DQPSK system. Optical coherent quadrature phase- 
shift keying (CQPSK) modulation and demodulation is o f  great importance, because despite 
the inherent sensitivity advantages o f  coherent binary phase shift keying (CBPSK), there are 
mitigations to its implementations in real systems. Some o f  these inherent CBPSK 
mitigations like chromatic dispersion, tolerance to optical filtering and polarisation mode 
dispersion [1,2] can be greatly relaxed via multi level signalling formats such as QPSK, 
DQPSK, 8PSK and higher level signalling format.
However, these higher-level (multi-level) modulation formats also have their own 
inherent limitations such as higher OSNR sensitivity, higher cost and complexity o f the local 
oscillator in coherent detection. The foremost modulation formats that can enhance lOOGb/s 
data rate deployment in a 50GHz grid are 50Gb/s DQPSK and QPSK with polarised division 
multiplexing (PMX) [2,3]. The limitation imposed by the available electrical bandwidth is a 
real barrier to the efficient deployment o f a simpler modulation format (DPSK/CBPSK) 
despite its improved OSNR sensitivity. However, this research seeks to investigate available 
alternatives to 40 Gb/s PDPSK (partial DPSK) in a 50 GHz grid or 50 Gb/s DQPSK with 
PDM in a 50GHz grid. It is imperative to evaluate the pros and the cons o f  QPSK over 
DQPSK.
A better understanding o f the modulation and demodulation o f 40Gb/s QPSK in tight 
filtering regimes (50GHz grid) can lead to a better understanding o f the physical reasons for 
its performances, and strategies for improving the performance o f QPSK systems at higher 
data rates (i.e. > lOOGb/s). For example, chromatic dispersion is known to increase by a
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quadratic factor with an increase in data rates, thus the impact o f chromatic dispersion will be 
more severe as data rates increase, especially in the context o f a narrow filtering scenario. 
Coherent detection o f optical systems is inevitably the technology o f the next generation, due 
to the higher sensitivity o f coherent detection over the differential detection and in 
conjunction with digital signal processing (DSP), thereby compensating and equalising the 
inherent linear impairment [4, 5, 6, 7, 8, 9, 10]. In the numerical model, a coherent QPSK 
system with different optical filter shapes (orders o f Gaussian filters), optical filter 
bandwidths and optimised electrical filtering (5th order Bessel filters) at the receiver in a 
back-to-back transmission are modelled.
The low tolerance o f DQPSK systems to laser frequency detuning has been reported in 
[11, 12] and it presents itself as major mitigation to the performance o f DQPSK systems. Just 
as polarised multiplexing can be implemented with DQPSK systems, it can also be 
implemented with QPSK to further improve the spectral efficiency o f optical communication 
systems. QPSK is essentially 4PSK, meaning that two 2PSK signals are simultaneously 
encoded in one bit, thus having the same BER error rate as PSK but a different (lower) 
symbol error rate.
This is because the QPSK requires twice the amount o f power to modulate a CBPSK. 
The spectra efficiency (SE) of phase-modulated formats can thus be improved by deploying 
QPSK/DQPSK, thereby increasing the SE by a factor o f 2 and another factor of increase in 
spectral efficiency by virtue of polarised multiplexing. Unlike the optical DQPSK system 
where a precoder is desirable in order to demodulate the quadrature phase-encoded shift- 
keying format, the demodulation here is thus implemented by virtue o f the phase separation 
o f the two tributaries that are ninety degrees apart.
Importantly, the impact of DSP on coherent detection is one o f the major drivers for the 
resurgence in the demand for coherent detection, due to the excellent impact o f LE (linear 
equalisation), non-linear cancellation and maximum likelihood sequence (MLSE) on ISI. But 
aside from the cost of the coherent detection via the addition o f extra lasers (local oscillator) 
for the mixing o f the received signal, there is also an additional cost in deploying DSP. All 
these additional costs make coherent QPSK slightly unattractive in terms o f its performance 
relative to DQPSK modulation format's performances in the presence o f ISI: QPSK far 
outperforms DQPSK, especially with polarised multiplexing. As noted in [8] for unequalised 
systems, it is important to investigate the full potential o f the analogue system (optical 
coherent detection) especially in the presence o f strong filtering (50GHz grid) as it is the 
focus o f this research.
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6.2 QPSK Demodulation
The demodulation o f an encoded QPSK modulation format is via mixing o f the 
transmitted QPSK signal at the (receiver) output of the optical bandpass filter with a local 
oscillator signal. This mixing is implemented on a linear regime thereby enhancing an exact 
phase extraction, unlike the DQPSK modulation where an asymmetric MZI is deployed in 
realising self phase-referencing by delaying the DQPSK signal and interfering the delayed 
signal with the signal itself at the output o f the AMZI.
The simplicity o f the DQPSK demodulation is an advantage in terms o f the cost o f the 
AMZI, but the drawback is that the phase extraction o f the process is not precise when 
compared to the QPSK demodulation. The QPSK demodulator can employ one LO (laser), 
but with a 90° phase shift for each o f the tributaries. Thus one LO is deployed to save the 
cost o f having two separate lasers for each receiver. Thus for demodulation o f the tributaries, 
a 3dB/180° coupler is deployed after the OBPF and the local oscillator, thereby mixing the 
in-phase signal o f the QPSK signal (received QPSK signal) with the in-phase signal o f the 
local oscillator (laser with 0 degree phase alignment). Also, the out of phase component of 
the QPSK signal (out o f phase) is mixed with the out o f phase component of the local 
oscillator (laser with 90 degree phase alignment).
However, four single ended detections can also be deployed at both the constructive and 
destructive output ports o f the LO's system.
But balanced detection offers better performance than the single-ended detection due to 
the cross talk originating from each o f the tributaries, thus leading to interferences at the 
output ports o f the two separate mixers, and in the process reducing the sensitivities o f the 
two single-ended detections. The balanced detection forms an electrical decision variable 
from the subtraction o f the signals (current) at the constructive and destructive ports.
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Figure 6.2: Schematic diagram o f  Coherent QPSK model.
Figure 6.2 above is the diagram for a QPSK back-to-back transmission and detection, 
where there are two coherent demodulators (in-phase and quadrature). The local oscillator 
deployed in the mixing with the QPSK signal is a perfect local oscillator with zero linewidth. 
and phase locking is not implemented in any o f  the simulations. However, actual phase 
displacement is implemented to align the phase o f the received signal. This is o f  course 
difficult to implement in practice because the phase matching in the field is subject to time 
variants. For all the cases o f coherent detection in this chapter, homodyne detection was 
modelled in the simulations, thus the frequency o f  the local oscillator signal is assumed to be 
0 GHz.
The focus o f the coherent QPSK investigation here is based on homodyne rather than 
heterodyne due to the performance improvement (smaller photon per bit requirement for 
detection) and narrower receiver optical bandwidth compared to heterodyne coherent 
detection (larger bandwidth) [7,13] Although a homodyne coherent system requires optical 
phase-lock loop, the phase locking by a heterodyne system is implemented at the electrical 
stage. Also, the line width requirement o f the heterodyne coherent system is more tolerant to 
increases in linewidth o f the local oscillator laser [10, 14, 15].
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6.3 Impact of band-limited filtering on coherent QPSK
Coherent QPSK detection has been identified as having at least 2dB-improved performance 
over the DQPSK. Thei performance analysis o f both DQPSK and coherent QPSK is o f mixed 
merits and demerits, because despite the reported performance improvement o f coherent 
BPSK over other modulation formats, inherent linewidth increases limitations, and phase - 
locking requirements are difficult to implement in practice. Thus, until these impairments are 
addressed in a practical coherent PSK [16], i.e. until perfect lock (phase) loops are designed 
or the robustness o f coherent homodyne detection is improved to increase in laser linewidth, 
it may be difficult to actualise the vast benefits o f coherent PSK or QPSK because practical 
voltage controlled oscillators ‘VCO’ operating in the optical domain are not available.
Therefore, QPSK is expected to suffer more from linewidth-induced impairments due to 
its higher symbol rate over BPSK (factor o f 2). Notwithstanding this, it is still relevant to 
analyse the impact o f optical band limiting filtering on the QPSK systems in the presence o f 
ASE noise. This is due to the vast inherent advantages o f QPSK modulation, such as an 
increase in spectra efficiency, improved tolerance to chromatic dispersion, polarised mode 
dispersion, polarised multiplexing (from which a data rate o f X-Gb/s can be achieved with a 
symbol rate of X/4-Gb/s) [17] and transmission impairments’ reduction from DSP. The 
generation o f ASE noise is a setback for any modulation scheme because in the process of 
amplifying optical signals over transmission links this (ASE), noise will be added to the 
signals and it impacts on the optical signal to noise ratio. The performance o f QPSK systems 
in a back-to-back transmission is more sensitive than DQPSK [17]
It is important to note that deploying OBPF generally results in performance penalties for 
strongly-filtered modulation formats. But the use o f narrow filters becomes inevitable, 
particularly in a 50GHz grid, which is within the concentration o f this research. The ASE 
rejection by narrow filtering, the performance o f duobinary signalling inherent QPSK formats 
(constructive port) and the exact phase exaction due to the QPSK signal mixing with the local 
oscillator's signal, alleviate the performance penalties o f strongly-filtered QPSK modulation 
formats. We shall be investigating the performance o f the QPSK format in the presence o f 
strong filtering in order to establish a comparative analysis o f QPSK and DQPSK formats. 
The tolerance of DQPSK format to optical filtering has been reported in [18], and as expected 
the tolerance of 43Gb/s DQPSK format is within less than one dB penalty for a 30GHz 
imposed optical filtering. With better phase referencing of QPSK demodulation (on a linear 
regime, thus enhancing better base band extraction) one can envisage an improved
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performance and better tolerance optical filtering for QPSK [17]. In these analyses wide and 
narrow band pass filters have been deployed via numerical analysis to characterise the 
performance o f homodyne PSK detection.
It is important to examine the influence o f optical band pass filters on the performance 
o f Homodyne QPSK detection. In a comparison o f QPSK to BPSK, there is the advantage of 
reducing the optical filter bandwidth for the same data rate deployed with BPSK (half symbol 
rate for QPSK). This examination is firstly initiated by mixing the received QPSK signal with 
a local oscillator signal via a bi-directional coupler. The system used in the simulations, 
illustrated in Fig 1, is as follows: a 29 PRBS is used to drive a Mach-Zehnder modulator 
(MZM) to produce a 42.7 Gb/s QPSK optical signal. A pulse-carving MZM is used to 
generate a fifty percent RZ signal. Noise is then added using the VO A/amplifier combination. 
At the receiver, the two separate PSK signals are demodulated with a ninety degree phase 
difference in the two deployed local oscillators for the mixing o f the QPSK signals, and the 
QPSK signal (In-phase) is fed through an optical band pass (OBPF) filter to the first input 
arm o f a 3dB coupler.
The other input o f the 3dB coupler is fed with a local oscillator signal while the quadrature 
QPSK signal is mixed with the same local oscillator signal at a ninety-degree phase 
displacement to the in-phase QPSK local oscillator signal. The local oscillator phase is varied 
to establish the best performance [7]. The output of the first coupler couples the in-phase 
QPSK signal with the in-phase local oscillator in the first leg o f the output 3dB coupler. The 
second leg couples the out of phase QPSK signal with the out o f phase local oscillator signal. 
Two separate balanced detection models are used to generate the calculated ‘Q ’s. The output 
o f the mixer is fed to another 3dB coupler that is eventually fed to two photodetectors. The 
OSNR at the receiver for the investigation varied from 16dB. The filter at the receiver was 
generally taken between 80 to 30GHz, although narrow bandpass filtering performance is the 
major focus o f this investigation. It is important to understand the performance trend o f 
QPSK homodyne detection from wide filtering regions to narrow filtering regimes. A 30GHz 
bandwidth fifth order Bessel electrical filter was used following the receiver. In the following 
the Q-values were calculated assuming Gaussian statistics.
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Figure 6.3: The Q values in (dB) for an 80 GFiz OBPF Flomodyne 42.7Gbps QPSK system 
plotted against local oscillator phase (Degrees).
Figure 3 above shows the performance o f  an 80GHz OBPF Flomodyne 42.7Gb/s QPSK 
system plotted against the local oscillator signal's phase (Degrees). This result shows that 
performance o f  a Flomodyne 50%-RZ QPSK system (80GHz OBPF) exhibits a periodicity o f 
ninety degrees at the detector, which is consistent with the phase separation o f the modulated 
symbols at the transmitter. The plot also highlights the significance o f  phase locking o f the 
homodyne QPSK detection, without which the inherent benefits o f homodyne detection are 
not optimised.
The difficulty in practically achieving phase locking is also shown here, as the maximum 
performance o f  the homodyne detection is only achieved with a local oscillator's signal 
aligned to the phase o f the data signal. The ninety degree phase separation between the in- 
phase and quadrature QPSK tributaries at the transmitter is highlighted by the plot above, 
unlike the plot for the periodicity o f  the local oscillator's phase for the PSK (figure 5.3 o f 
chapter 5) with a 180 degree periodicity. The main difference between the periodicity plot for 
the QPSK and the PSK is that o f interference witnessed in each tributary (in-phase symbol) 
due to the crosstalk from the opposite (quadrature symbol) and vice versa. The intermediate 
frequency o f  the homodyne PSK is null due to the frequency alignment o f the carrier 
frequency and local oscillator laser's frequency. The phase periodicity shown here confirms 
an inherent attribute o f phase alignment o f a perfect homodyne QPSK detection. Without the 
phase alignment o f the local oscillator to the received QPSK signal, the performance o f the
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Homodyne QPSK system is greatly impaired due to the sensitivity o f  QPSK signals to laser 
frequency offsets [11].
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Figure 6.4: The Q values in (dB) plotted against optical bandwidth (GHz) for a 30 to 50 GHz OBPF (3 rd order 
OBPF) Hom odyne 16dB 42.7Gbps 50%RZ-QPSK-red line and DQPSK-blue line systems
Figure 4 above illustrates the performance of 50%-RZ QPSK and DQPSK systems for a 
42.7Gb/s data rate. The diagram shows the performance o f optical bandlimited filtering for 
both DQPSK and QPSK modulation formats for an OSNR ~16dB. As seen above, there is 
>2dB improvement in the performance o f the coherent QPSK system for 30 to 50GHz OBPF 
over a corresponding DQPSK system. The better base band extraction o f  the coherent QPSK 
is responsible for the improved sensitivity over the DQPSK version. In this case, the better 
(exact) phase extractions o f  the local oscillator and received signal mixing over the self 
referencing via the asymmetric MZI o f the DQPSK accounts for the improved sensitivity.
Thus, in the presence o f  ASE noise-limited back-to-back transmission o f  phase- 
modulated formats, the QPSK achieves >2dB improvement in Q performance for an OSNR 
o f 16dB over the DQPSK format within wide to narrow optical filtering regimes. In view o f  
the OSNR deployed in the simulations (16dB) this result is consistent with reported 
investigations in [ ] where PSK has been shown to record the best receiver sensitivity. 
However, the heterodyne QPSK systems have a similar performance with the homodyne 
QPSK due to the presence o f  cross talks in each o f  the tributaries, because o f the presence o f 
the other out-of-phase signals in the demodulation o f in-phase signals. In terms o f  strong 
filtering regimes, which are the main scope of this investigation, there is a need to explore the 
inherent signal amplification and base band information extraction o f  the QPSK over the
150
DQPSK modulation format for performance improvement in a 50GHz grid, despite the 
performance improvements shown with band limited filtering o f QPSK over DQPSK. We 
shall also be investigating the impact o f  filter shape, tolerance to laser offset (optical offset 
filtering) and other related linear impairments (dispersion) in the performance o f QPSK 
systems in this chapter.
6.4 Im pact of filter shape on homodyne coherent detected 42.7Gb/s QPSK.
The relevance o f  optical filter shape and bandwidth in coherent detection o f  QPSK systems 
needs to be investigated to understand its implication on multiplexing and demultiplex 
(mux/demux) so as to envisage the inherent constraints in the presence o f filtering 
concatenation in a WDM transmission for a 50GHz or 100GHz channel spacing. As would be 
expected for a 42.7Gb/s QPSK/DQPSK modulation format in a 50GHz grid, a symbol rate o f 
21.35Gb/s will be significantly tolerant to 50GHz imposed optical filtering limits. Thus, these 
investigations on the performance o f 42.7Gb/s QPSK modulation format are based on 
characterising the performance o f different filter shapes and bandwidths in a 50GHz grid.
Understanding the optical filtering performance o f  42.7Gb/s QPSK in a 50GHz can 
enhance the design and deployment o f  polarised multiplex >100Gb/s QPSK modulation in a 
50GHz grid. These can be justified by the different performances o f different modulation 
formats with changes in steepness o f the filter edges.
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Figure 6.5: The Q values in (dB) plotted against different orders o f Optical Gaussian filter bandwidths (GHz) 
from 30 to 80 GHz OBPF Homodyne 16dB 42.7Gbps 50% RZ-QPSK systems.
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Figure ( • I B dcrs of Gaussian filters for specific
bandwidth a 42.7Gb/s %50R2-QPSK 16dB
(OSNR). It is evid i i ' he ; hi ve res i for the filtering bandwidths 40GHz, the
order (steepness) ( tin lllte does nc § impact negatively on the performance o f homodyne 
QPSK systems rfon a n c e o f th e C  uissiai filters ti irst order to third order for
narrow optica tila for wider bandpass
filters (i.e. QdB iltci i rej tes 40GHz for the different
orders o f the Gaussiat filters). But in ... presence irong filtering, the impact of the
steepness of the < pi ca filters is significant. As >wn in figi re 5 above tor filtering 
bandwidths less than the u rate tl e or ei ( i l ine's tor a 50%RZ 42.7Gb;s QPSK
(homodyne) e erforms the super ( aussian ent in the strong
filtering region is t1 it * the o cier of the super ba rv ean  filter increases the performance o f
the system, it becomes ightlydeg ad Forth  a seo f3 ()  Hz OBPF the ourth order filter
has a 2 dB perform nee pen; tv fiat ic first )BPF This could have performance
implications in view GHz grid where the
available ban< ol c o f filters could reduce the
performance penal . jabic from strong filler in . cen recent advancements
in the design ot ( ! u lot optic; 1 :ornn uni atio i sut h that optical signal spectrum could be
shapet t t ration o f  the net\ idct or service engineer [18].
6.5 Impact of off i ! i • Gb/s coherent QPSK within 5<t)GHz grid
The most import t objec e o  nv oj iot research is the need to increase
data rates, \ fimultaneousl Another important
consideratk i t  hi) g the several techr.inue? to np p rformance (extending
the reach the nnnioai spacing limitations
of the 5()GHz grit m . b \ Ire id stalled canct ( )OK). QPSK, DQPSK offers
increas SI hi NR sensitiv it\ that BPSK DQPSK lor the same bit
error rate. Th ! 5 . . with polarised multiplexing
makes c uad , OGb/s data rate systems
within a e deployme i rate on simpler BPSK'DPSK is
limit,. n ■ improved OS NR performance
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over 50Gb/s QPSF D( PSK m at . The nance f  QPSK systems over DQPSK
systems make QPS m . J  raevi\-e . r ■-i (>()( !•> s
The fact tha n ns ilia 1 b< a complishcd in a linear regime
(optoolcctron ■ . nsurcs better phase extraction in QPSK systems rather than
DQPSK f-p tasc referencing). DSP (Digital Signal Pi k . ■ ing) can relax some
laser line width ret uircmcnls o f  PSP QPSK svs ns We shall consider lire purely optical 
realisation o f coherent dPSK. rhc  pci it rmancc c f s . e modulated formats in the presence 
o f ofist Itcrn 2, 2( . 2 . 22. 23, 24, 25], but
althoug the imp; tnalvsec b\ expt on. simulation and semi-analytic
technic res jts lisci ;sed from difi jrent locations in the
transmission ransmiticr, the offset filtering was analysed as
prefiltering or last d d  ning ( 0 . frequt ie\ et between the transmitter and the 
demodulator was used . 2( | vhile phase ro usc< capture the impact of
frequency drill on i e m duhtor 24. 22
act that binary-phase
modu i it filter lg (as has been confirmed in chapters 5
and 6) while the t) to offset fi tenng was quantified as six times the
sensitivity o f DPSK. Kv lessei ranee- to offset filtering in quadrature-phase modulation 
format rather than ; ulation on a diu o tc higher number o f symbol-phases,
lesser syi si D1), .taster e due to frequency
offset AM U conve , to intensity modulation
at detcctu!. ! 1 iwc a has been esK dished in chapters 3 and -1 mat phase modulated 
formate (4'K«h> D - 4 u 4 13: Sfc ) .an actu- lie Den 1 it from asymmetrical filtering in a 
strong . ! ct filtering on 40Gb/s
DQPS id prc' ousb been report ( ’6 the high sensitivity o f
the 40GB s IXH'SK 4 n ' o olhet I . me
hnperatix ely, would be ! gt -r interest o invcs the performance o f 40Gb/s
QPSK in the j ■ ■ T spile tl impro ed ?rfo rmancc o f QPSK over
DQP im • sec i n f] . : Cha the performance o f
QPSK with o . er si Id b< nt. bee mmetric filter ing has
been demifte - i ■ > ■ the stems [29]. In QPSK
detection ther are no DI ilation, th ing effect o f
the OBPF ' sc the OBPF and
MZI both oper -le m s lino
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In this work the impact of offset filtering on a simple QPSK modulation is explored 
with the aim o f  evaluating its deployment at 40Gb/s or 50Gb/s, which with polarisation 
multiplexing provides a route to lOOGb/s transmission. Here we will explore the prospect o f 
deliberately offsetting the filter from the channel centre to characterise the performance 
42.7Gb/s RZ-QPSK modulation. Thus we will investigate the impact o f offset filtering on 
42.7Gb/s coherent QPSK using filter bandwidths in the region o f 35GHz. We will compare 
the performance o f  asymmetric-filtered 42.7Gb/s coherent QPSK to the symmetric-filtered 
case. The focus o f  this section is to model offset filtering at the receiver in a 50GHz grid for a 
42.7Gb/s QPSK, which has the same effect as detuning the transmit laser.
Also in this section the tolerance o f QPSK systems via OBPF (>35GHz) to offset 
filtering (transmit laser detuning) is examined. The effect o f offset filtering (laser offset) can 
also be envisaged to occur due to non-ideal frequency drifts between the transmitter and 
receiver. The understanding o f  the performance o f the QPSK systems in the presence o f  this 
frequency offsets, either at transmitter or at receiver, is essential as higher data rates and 
polarised multiplexing will be deployed in the nearest future. The model used in the 
simulation is shown below and the difference between this model and the model used in 
section 6.2 is that frequency offsets are implemented at the OBPF, as opposed to band- 
limiting filtering.
^  14
50QPSKgfl
50DQPSKgfl
0 20 4010 30
Frequency Offset (GHz)
Figure 6.6: Q value in (dB) against Filter frequency offset (GHz) blue line for QPSK and red line for DQPSK
system .
Figure 6.6 above illustrates the Q value (dB) against filter frequency offset in (GHz): the 
red line is for 42.7Gb/s 50%RZ-DQPSK system and the blue line for 42.7Gb/s 50%RZ-
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QPSK systei )SI >dl 50GH 1 : fequency offsets from 0 to 40GHz.
The result as show t with rc uIts reported in [26]. The
blue line indicates . . .  QPSK system, 50GHz OBPF has
improved performa
I he le v e l! i . ■ 50Po < l - i  >PSK system s > offset filtering as shown in figure 6.6 is
illustrated with a e 76, I 74 and 3.5dB penalties tor 10. 20, 30 and
40GHz filter offset 4.43dB penalties for the
same filler offsets relative t • Iz liter >! sc It is obvious that QPSK is
slighily more tolerant \  ofiset liken - compared to DQPSK systems, although there is 
2.8dB performance improvemt >ver the DQPSK system via 50GHz
OBPF first order Gauss u ill 3 GHz fifth order Be* el filter (electrical bandwidth).
The perform; 1 he QPSK - over the DQPSK system, as seen
with the simula • res 1 insight into iffsct filtering as a major
mitigation factc r tlu ■ de? de formancc o le very attractive QPSK modulation
formats, rhe choice formats md electrical filtering can
influence the performance ■ oTfcren inoculation lorr ints based on application scenarios
[29], thus the resu Z QPSK system over the equivalent
DQPSK give an lig impi < ) 'SK modulation to offset
filtering or transmit cant to stress that the
impact o f  the better cm. the QPSK ti m the f the local oscillator's
signal with tave much effect on improving the
tolerance o f QPSK q. >te m. o ' .. li-i i , .
The higher numiv r 1 >yno ' v a ses  »> increased phase error due to the resultant
impact of uency . ;l(» -= ? j x  V /)  as opposed
to phase error from P5 K s ibol period on frequency offset { ( p ( P S K )  = 2X x  V /).  Vlost 
importantly it is e*. v  rote that n the dcmc lula 1 * K DQPSK systems for
either i there rrcse >f the quadrature phase-
modulate u s this is responsible for the
ghost pulses as seen in Q ° S f  O rams. In chapter the penalties induced
by offset filtcri ig on systc-n c < i tcring design, the same
novel design lias bee - rm • g; co or QPSK vderns and the performance did not 
sign if o ... i1 us sho\ ing that the novel design was not
nccessarilv s i r ' / v t  > w i n  •
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Figure 6.7: Q penalty in (dB) against Filter frequency offset (GHz) blue line for QPSK and red line for DQPSK
system.
Figure 6.7 above illustrates the Q penalty (dB) against filter frequency offset, with a blue 
line for QPSK and red line for DQPSK. The simulation model used in figure 6.7 is essentially 
the same as figure 6 except that the fifth order electrical filtering bandwidth is now optimised 
for both QPSK and DQPSK. Thus we see from the Q penalty plotted above that the 
sensitivity o f QPSK to offset filter is about two times less sensitive than DQPSK: i.e. for a 
40GHz offset in a 50GHz OBPF there is a 1.6 and 3.6 dB performance penalty for both 42 
Gb/s 50% DQPSK and DQPSK systems.
6.6 Chrom atic Dispersion Performance of Coherent Detected 42.7Gb/s QPSK System
In this section the performance results o f coherent 42.7 Gb/s QPSK will be presented in 
the presence o f chromatic dispersion in a strongly-filtered regime (50GHz grid). The 
performance o f the coherent QPSK will be examined relative to the performance o f DQPSK 
in the presence o f some chromatic dispersion. QPSK is very prominent for high-speed 
modulation formats due to its improved tolerance to linear and non-linear impairment, largely 
due to the success o f  different DSP strategies or electrical equalisations. However, in all the 
results that will be presented in this section, the impact o f  PDM, DSP or electrical 
equalisation will not be considered. The aim o f  these investigations into the performance o f
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coherem 42 in a 50GHz grid, and especially in the presence of chromatic
dispci )PSK in a dispersive
regim:.
The performan : el a coherent 42.7Gb/s QPSK ■* ! xamined relative to
coherent 42 large! < u t< the inherent OSNR advantages o f the
PSK systems. This is w nat was ale tif»cd in eh; pter w ith the performance o f digital 
coherent PSK i was showi that the pc ihcrcnt phase-modulated
systems is largely t .. eera xl itl rotat 01 is not optimised [7].
Theo phase Jock 1 p (PL1 coherent detected signals is simple
compared t( the i ms : < ouplers desirable for
QPSK detection, which are lossy one to the cot ; beam splitters and polarisation
controllers. ; balanced PLL, the transmission o f
residual carric cspec al y n combination with an optica! amplifier
[29]. Additions phas< modulation could als at the transmitter to enhance
the phase-lock ng 1 tributes hnplementing an efficient LO is
difficult to a t :ll isc m rca : \ sk ns
ti.6.1: -12 7Gh/s QPSK chrom atic dis pers ion  results
In Hus sect at 1 \ jstigated results via the QPSK model will be presented and
discussed in he fc irom bspersion. fhc model dej in the simulation here
is essentially th an n he dis which is idded as a
fund ( • 'ert is before the OB mainfi ,ned in these
simulation invest g i > a r th b s 5 1 ■ K bit sequence, OSNR.
optical band pass f  c; m c : d 1 wi
The impact o f ' n nratit lispcrsi on 4 >PSK is sixteen times the impact at
1 0G b *SK ' ernent seei here within a strong
f i l te n n  rcgin sion via phase rotation o f
the local os ificant coi in a red with
th e  sai >1 o f  the local oseilh tor.
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Figure 6.8: Q penalty in (dB) against chromatic dispersion (ps/nm) for 35GHz O BPF-42.7G b/s 50% RZ-QPSK 
system, (red line represents the performance o f the QPSK with optim ized phase rotation o f the LO, blue line 
represents QPSK performance with no phase rotation o f the LO and green line represents the equivalent DQPSK
perform ance) for an OSNR o f  17dB.
The plot in figure 6.8 above represents the performance o f a strongly-filtered 35GHz 
OBPF, which is representative o f  actual bandwidth in a 50GHz grid due to several 
concatenations o f several filters for a 42.7Gb/s 50%RZ QPSK system in the presence o f some 
dispersions. The Q value in dB was plotted against chromatic dispersion in ps/nm from 0 to 
200ps/nm. Thus, from the plot above, which shows the performance o f  just one o f  the 
individual receivers (either in-phase or out o f  phase, due to the similar performances o f  both 
receivers), it is obvious thal the QPSK system (red line) with phase rotation o f the LO is 
around 2dB better than the DQPSK system (green line) in the presence o f chromatic 
dispersion, as represented by the 35GHz OBPF.
Interestingly, if the phase rotation o f the LO is not optimised (which has been described 
as difficult to implement in real systems) then the performance o f the QPSK system (blue) is 
only seen to be better than the DQPSK system (green) for zero dispersion, and in the 
presence o f some chromatic dispersion, the performance o f  the DQPSK system (green) seems 
better than the QPSK system (blue line). Another significant highlight o f the plot above 
shows that without optimised phase rotation o f the local oscillator there is no penalty for no 
chromatic dispersion, a 2.3dB penalty in the presence o f  dispersions o f 50ps/nm, and as much 
as a 7.5dB penalty in the presence o f  200ps/nm chromatic dispersion. Thus, the graph above 
shows the magnitude o f the impact o f  an efficient LO-PLL to the performance o f  high-speed 
QPSK systems.
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Figure 6.9: Q penalty in (dB) against chromatic dispersion (ps/nm) for 35GHz OBPF-42.7G b/s 50% RZ-QPSK 
system, (red line represents the perform ance o f the QPSK with optimized phase rotation o f  the LO and blue line 
represents QPSK perform ance with no phase rotation o f the LO) for an OSNR o f 17dB.
Figure 6.9 above further shows the performance improvement that is inherent with a 
perfect PLL for a coherent QPSK system, showing 2.3, 5.5, 7 and 7.5dB for 50, 100, 150 and 
200ps/nm respectively, compared to performances in the presence o f  chromatic dispersions 
with deploying a PLL. Thus, as was shown in [7] without optimising the performance o f  the 
LO, it may seem quite easy to overestimate the performance o f DSP in coherent detected 
systems when compensating for linear impairments. However, this is not to say that an 
efficient analogue system would outperform the digital systems (MLSE, MAP, etc.) both by 
optimising the performance o f  the LO the performance o f the DSP could be further enhanced. 
The horizontal black line on the plot above shows an 8dB limit below which calculated Q 
values are not reliable.
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Figure 6.10: Q penalty in (dB) against L O 's phase rotation (Degrees) for 35GHz OBPF-42.7Gb/s 50%RZ- 
QPSKsystem, (blue line represents the perform ance o f  the QPSK with for 0 ps/nm, red line represents QPSK 
perform ance with 100 ps/nm , and green line represents QPSK perform ance with 200 ps/nm for an OSNR o f
17dB.
Figure 6.10 above represents the performance o f  a 42.7Gb/s QPSK system under 
strong filtering (35GHz OBPF) for the LO 's phase rotation in the presence o f  some 
dispersion. Three different chromatic dispersion values are present so that the analysis o f  the 
QPSK performance could be better profiled, as opposed to having more chromatic dispersion 
points in the plots. As illustrated in the plots above it can be seen that for Ops/nm dispersion, 
the performance o f  the rotation o f the local oscillator is seen to be optimised at 0, 90 and 180 
degrees.
The 90 degrees difference is occasioned by the presence o f the two tributaries for each 
o f the demodulations. Thus, two tributaries display the same periodicity, and the performance 
o f the first tributary (in-phase) can be taken as zero phase, and the out o f phase tributary at 90 
degrees. But importantly, for a performance in the presence o f  chromatic dispersion o f 
lOOps/nm, the phase o f  the LO has to be rotated by 18 and 108 degrees for both tributary and 
for 200ps/nm the phase o f  the LO has to be rotated by 36 and 126 degrees for the optimum 
performance. For negative dispersions -100 and -200ps/nm, the LO 's phase is rotated in the 
reverse direction but with same phase displacement (phase rotation is complementary o f the 
positive phase rotation). The results here suggest that via coherent QPSK detection in tight- 
filtering regimes, the optimum performance for the amount o f  chromatic dispersion is directly 
proportional to the phase rotation o f the LO 's signal.
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6.7 Summary ro C hapter 6
The performant been examined at a data rate of
42.7Gb/s in i tight op eal filter : )GHz grid), and the results here show that
coherent QPSK is very toleranl lx eal filtering I he narrow • :al filtering tolerance 
show tl , PSK dulated formats,
thus naking yment via polarised
multiplexing.
The tolerance o ' i 42 7(ib. > )P • s ;t a filter offsets or laser detuning was
also investigated w Tout hi. mp e c; l Si', n i  the . cmuis show that he although the QPSK 
is slightly norc tolc . . to as; . . .  . : or OBP! frequency offset than an equivalent 
42.7Gb. s DQPSK system, it is sli 1 more sensitive cc mpared to a 42.7Gb s DPSK/PSK.
The chromatic dispcrsi m pcrfo - Gb/s QP >K syst um was investigated in this
work withou . indicate that without
a perfect pi . lgly-tiltered QPSK system in the
presence o f  some :hi >mati< di per . .. . t to be less tolerant compared to an
equivalent DQPSK system. But I per fa phase tracking is deployed with the local oscillator, 
then the QPS outpc K in tl and absence o f
chromatic dispersir n by more tha t 2dB calculated 0  values.
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Chapter 7
Transmission and Experimentation 
7.1 Offset Filtering Transmission of Strongly Filtered 40 Gb/s DPSK system and 
Research Conclusions
In this chapter the longhaul transmission o f a strongly filtered 42.7Gb/s 50%RZ-DPSK 
system via offset filtering will be presented, as the main core o f these investigations were 
based exclusively on a linear regime. Thus the transmission results could enhance an 
estimation o f the impact o f the various contributions o f these research investigations on a 
longhaul optical transmission with other modulation formats (DQPSK, PSK and QPSK) in a 
50GHz grid.
The remaining part o f this chapter will be based on the conclusions for the research 
results that were presented in chapter 3 to chapter 6. It is important to draw a conclusive view 
on the different performances o f offset filtering o f phase modulated formats in a 50GHz grid, 
while projecting on the impact o f the results presented in this investigations on practical 
systems and even higher data rate deployments (>100Gb/s).
7.2 Transmission of Strongly Filtered Asymmetrical 42.7Gb/s RZ-DPSK over 1000 
km
The impact o f offset filtering has been investigated extensively in these researches based 
on ASE noise limited regimes and dispersive regimes, with different phase modulated 
formats. However, despite the very encouraging (positive) results that have been achieved 
here [1, 2, 3, 4], it is important to understand that optical fiber transmission is not only 
impaired by linear limitations. The impact o f fiber nonlinearity will become significant as the 
transmission distances increase and as data rates increase. The DPSK modulation format is 
popular due to its improved OSNR sensitivity and improved tolerance to fiber nonlinearity
[5]. Also in [6,7] penalty reductions in the presence o f ASE noise, dispersion and fiber 
nonlinearity were reported via pre-filtering o f 42.7Gb/s CSRZ-IMDD/CSRZ-DPSK system 
via simulation and experimental investigations.
Herein the investigation o f the impact o f asymmetric filtering will be implemented with 
a strongly filtered 42.7Gbits/s 50%RZ-DPSK transmission over 1000km, with narrow 
filtering at the receiver with 35GHz OBPF via carrier wavelength displacement. The 
difference between this transmission investigations and the transmission result in [6] is that
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the context in which the investigation o f the paper was carried out was for ultra longhaul 
transmission (submarine installation) but our investigation is based on typical bandwidths 
available in a 50GHz grid and for long distances (longhaul). Also the bandwidth utilized in 
our investigation is a 35GHz OBPF as opposed to 45GHz OBPF which was deployed in [6]. 
In terms o f spectral efficiency our effective bandwidth for the investigation is around 17 GHz 
to 20GHz offset o f a 35GHz OBPF as opposed to 7.5 GHz offset o f 45GHz OBPF. Thus the 
investigation here is similar to single sideband modulation (net bandwidth o f 17 GHz 
bandpass) as compared to a slight vestigial sideband (net bandwidth o f -37.5 GHz) in the 
reported investigations [6, 7]. With an optimized frequency offset in the numerical model, an 
average o f 2dB improvement performance was achieved over the conventional symmetric 
filtered system (0 offset of 35GHz OBPF) for a range of average power between -3 to 3 dBm.
7.2.1: Modeled 1000km Transmission system.
Figure 7.1 shows a 42.7 Gb/s 50% RZ-DPSK transmission setup. The transmitter 
employs a 27 PRBS used to drive a Mach-Zehnder modulator (MZM) to produce 42.7 Gb/s 
DPSK optical signal, which is followed by pulse carver MZM for the 50% RZ-DPSK duty 
cycle, with a 23.4ps delay for average transmission powers ranging from -3 dBm to 3 dBm. 
The transmitted signal is propagated through a system o f 13 spans (82.5 km o f SMF), 5 times 
over. The span consists o f SMF having a dispersion o f 16.5ps/nm, dispersion slope o f 0.055 
ps/nm2/km, a loss coefficient o f 0.25dB/km and an effective area o f 80 pm2. The dispersion 
compensating fiber (DCF) has a dispersion o f -123 ps/nm, dispersion slope o f -0.33 
ps/nm2/km, loss coefficient of 0.75 dB/km and effective area of 25 pm2.
The DCF lengths for the pre-chirp and post-chirp were varied in each simulation run 
with an inline average dispersion of 0.43 ps/nm/km, an inline average dispersion o f 0.95 was 
also deployed to compare the simulations here with [8] but the difference here was that lesser 
pre-compensation and inline compensation were deployed here. Whereas in [8] a pre­
compensation of ~10 km of DCF was deployed as opposed to 1 km to 3 km DCF deployed 
here, also in [8] the inline dispersion compensation was close to 100% as opposed to the 43% 
compensation deployed here. The gain o f the main amplifier is 15dB with a noise figure o f 
5.7dB and the number of points per bit is 64 for the single channel propagation.
At the receiver, the DPSK signal is received with a narrow optical bandpass filter 
(35GHz OBPF 3rd order Gaussian filter) with central frequency o f the filter displaced from 0 
to 30GHz offset away from the signal wavelength. Followed by a Mach-Zehnder
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interferometer (MZI) with a 1 bit delay followed by a balanced receiver. The OSNR at the 
receiver is ~16dB. The electrical filter used was a 30GHz bandwidth 5th order Bessel 
electrical filter. The Q-values were calculated assuming Gaussian statistics.
p  1
SMF
SMF DCF
N spans
Fig. 7.1: Transm ission Model for Long Haul 42.7Gb/s DPSK System
7.3: Transmission results of a 42.7Gb/s 50%RZ-DPSK system with offset filtering of
35GHz OBPF
The results in figure 7.2 below shows the Q-value in dB for 50%-RZ-DPSK signals 
filtered at the receiver with a 35GHz OBPF at the receiver for the transmission setup for both 
conventional and optimized offset filtered DPSK system. The Q values for the blue represents 
the symmetrical filtered case and the red line represents the optimized offset filtered case. 
The plot shows an improvement o f  ~2dB in the Q-values o f  the offset filtered 42.7Gb/s 
DPSK transmission system over conventional filtered case.
The performance improvement o f the optimized offset filtered 1000km transmission 
ranges from around 2dB improvement for an average power o f -3dBm to OdBm and an 
improvement o f  ~3dB for an average transmit power o f 4dBm over the symmetric filtered 
case. The performance o f both the conventional and offset filtered transmission systems can 
further be evaluated in the figure 7.3, via the eye diagrams. Although there is an evident 
performance penalty due to the impact o f narrowband filtering, figure 7.3a shows the eye 
diagram o f the symmetric filtered 35GHz OBPF 42.7 Gb/s DPSK system for OdBm transmit
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power for a 1000km transmission and the figure 7.3b the eye diagram for OdBm power for an 
optimised offset filtered system at ~20GHz offset o f the 3 5 GHz OBPF at the receiver.
16
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Fig 7.2: Q-value in dB vs. Power in dBm for 35GHz OBPF, 0/35 represents conventional filtered 42.7Gb/s 
DPSK transm ission system and 20/35 represents optim ized offset filtered 42.7Gb/s DPSK transm ission
system over 1000km.
The comparison o f  the two eye diagrams shows a better eye opening in width and 
length for the figure 7.4b eye diagram o f offset filtered system as compared to the first eye 
diagram for the conventional filtered system. The difference in the opening o f  the two eye 
diagrams can be attributed to the high amplitude imbalance due to the symmetric filtering o f 
a strongly filtered 42.7Gb/s DPSK system as opposed to the lesser amplitude imbalance due 
to the offset filtered system. Importantly vestigial sideband filtering has been identified to 
offer better performance over double sideband filtering in a strongly filtered regime [9] due to 
better ASE noise rejection o f the narrowed spectrum o f  the VSB.
Offset filtering o f  any memory modulation format (i.e. intensity, phase and frequency 
modulation format) induces a memory modulation format which by its inherent attribute o f 
using three optical symbols {0, +\E\} in detecting two electrical symbols{0, \E\2}. Thus the 
additional degree o f  freedom gained by extra phase modulation enhances a beneficial spectral 
shaping in the presence o f  a particular optical fiber impairment (both linear and nonlinear)
[10]. Conventional filtering o f a DPSK system results in a duobinary signal and alternate 
mark inversion signal at both the constructive and destructive port o f  the MZI [1, 10].
However offset filtering at the OBPF will result in VSB-DB and VSB-AMI at the 
constructive and destructive port o f the MZI [1, 2, 3, 4]. The VSB-DB has an improved
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tolerance to fiber nonlinearity and VSB-AMI has an improved tolerance to linear impairment 
relative to their initial DSB formats. Thus the signals at the two ports o f the conventional 
filtered system are now more severed via the longhaul transmission, compared to the offset 
filtered system in which the spectrum at the ports are now like a VSB signalling i.e. leading 
to the alternate mark inversion signal been offset filtered to VSB-AMI now being located at 
the destructive port and the duobinary signal been offset filtered to SSB-DB.
Figure 7.3: Power in (watts) vs. Time in ( p s ) , 7a~ Conventional filtered 35GHz system and 7b~optim ized
offset (~18GHz) filtered system.
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7.4 Experim ental Investigation on impact of offset filtering on the perform ance of 
strongly filtered 42.7Gb/s 67% RZ DPSK system.
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Figure 7.4. The system used to implement the experiment.
The system used to carry out the experiment is shown in Figure 6. This consists o f  a 
pattern generator which drives a Mach-Zehnder modulator with 231-1 PRBS followed by a 
pulse carving MZM to generate a 67% RZ DPSK signal at 42.7 Gbit/s. Noise is then added 
to the optical signal and the resultant signal plus noise passes through a tuneable optical band 
pass filter.
The signal is then filtered, goes through the MZI and is finally received using a 
balanced detector. The system described above was investigated with several filter widths. In 
other to measure the impact o f large offsets in a strongly filtered regime using strong filtering 
bandwidth, the OSNR was set to 20.8dB (in a 0.1 nm bandwidth) and the signal power at the 
receiver was kept at -8dBm. Measurements were taken for two values o f  filter centre 
frequency offsets o f  0 and 17GHz. The MZI delay was fixed at 100% o f a bit period. The 
impact o f  the symmetric filtering and the large asymmetric filtering can be seen in the plots in 
Figure 7.5. The figure 7.5 above shows a plot o f power penalty in dB against optical filter 
bandwidths in nm. The 0 GFIz (diamond-marker) and 17GHz offset were plotted for the
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different filter widths. The choice o f  17GHz offset is influenced by the results as shown in 
the simulation investigations. The plot shows a significant penalty reduction for the 17GHz 
offset as the filter bandwidths increases (i.e. approaches half filter bandwidth). Thus for a 
0.28 nm (35GHz) in figure 7.5 there is a 0.45 dB penalty, which shows an excellent 
agreement with the simulated results o f the 3 rd order Gaussian filter in figure 7.6 (0.49 dB 
penalty for ~ half filter width).
OGHz offset
■B— 17GHz Offset
—  0.8
0.4
0.2
0.27 0.28 0.30.25 0.290.26
Bandwidth (nm)
Figure 7.5 Q penalty (dB) against filter bandwidths (GHz) (diam ond marker for 0 GHz offset and square m arker
for the 17GHz offset) for the experimental investigations.
Although the filter deployed in the experiment is a flat top filter shape with steep filter 
flanks as opposed to the Gaussian filter shapes deployed in the simulation investigations, a 
one to one comparison o f both investigations is not possible. However, the penalty reductions 
for large filter offset in a strongly filtered regime as shown in figure 7.5 was confirmed.
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Figure 7.6. Q value as a function o f different filter shapes for 1st, 2nd and 3rd order Gaussian filters for 35GHz
OBPF 42.7Gb/s DPSK system.for an OSNR o f  20dB.
Importantly the 17GHz filter offset performance penalty is also completely eliminated 
for a bandwidth o f 0.3 nm (37.5 GHz). A better agreement can be anticipated between the 
simulated results here and experimental investigations where replica filter shapes [16] are 
deployed.
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Chapter 8
Conclusions and Recommendations 
8.1: Conclusions on the improved performance of 40Gb/s DPSK system in a 50GHz grid
The impact o f offset filtering (asymmetric filtering) o f a 42.7Gb/s DPSK system has 
been investigated in a strong optical filtering environment dominated by ASE noise (50GHz 
grid). The results show that the performance o f the strongly filtered DPSK system can be 
improved by ~ ldB  at low OSNR (15dB) and by up to 1.5dB for an OSNR of 20dB by 
detuning the laser frequency and thus it shows that with higher OSNRs the performance 
improvement o f offset filtering in a strongly filtered regime can be comparable to results 
achieved with PDPSK.
The different performance trends (peaks) o f the balanced, constructive and destructive 
single ended detections in the presence o f offset filtering o f a strongly filtered DPSK, thus 
provides further potentials to improve the performance o f the strongly filtered system, by 
optimizing the spectral shapes at the output ports of the MZI.
The performance improvements seen here are not filter shape dependent, i.e. ranging 
from 1 * order Gaussian filter to 4th order Gaussian filters the performance improvements of 
the offset filtered DPSK system are evident irrespective o f the shape o f the filter in a strongly 
filtered regime.
The precise offset o f 42.7Gb/s DPSK system required for improved performance in 
strongly filtered DPSK systems is filter bandwidth dependent. But in a WDM system the 
impact o f  offset filtering will lead to significant crosstalk penalties. However several optical 
strategies have been deployed to mitigate the impact o f crosstalk in WDM systems [10].
The impact o f offset filtering on a 42.7Gb/s DPSK system was also investigated in the 
presence o f some chromatic dispersion. The results suggest that symmetrical filtering has 
better chromatic dispersion tolerance than the offset filtered systems. However in presence of 
0 to 50ps/nm chromatic dispersion the performance o f the optimized offset filtered DPSK 
system tends to have performance improvement over the symmetric filtered system. This 
could have implications as to the level o f the chromatic dispersion compensations that would 
be deployed in a longhaul or ultra longhaul transmissions. A novel DPSK receiver design was 
conceptualized as a result o f the very interesting performance o f offset filtering o f  a strongly 
filtered DPSK system with balanced and the two single ended detections. Thus this novelty
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resulted in > 2dB performance improvement in calculated Q over the conventional filtered 
model at low OSNRs.
The experimental results reported in [6] is a good indication as to the practicality o f the 
performance improvement seen with offset filtering. There is still need for further intensive 
experimental confirmation o f the improvement (penalty reductions) seen here with a 35GHz 
OBPF and neighboring OBPF with different duty cycles.
8.2. Recommendations for improved performance of 40Gb/s DPSK system in a
50GHz grid:
The performance improvement inherent with offset filtering in a strongly filtered regime 
is around 1 to 2 dB improvements over the conventional filtering performance, thus from the 
different performance peaks that were seen with the different detections (constructive and 
destructive), further optimization of the inherent signals at the outputs o f the MZI could 
significantly improve the performance o f 42.7Gb/s DPSK system in a 50GHz grid. This 
optimization strategy has been investigated and reported in this research. Further work will be 
needed to investigate its impact on different signal formats, optical bandwidths and filter 
shapes.
The impact o f different filter shapes on offset filtering o f a strongly filtered DPSK 
system were investigated, but Nyquist filtering was not considered in the investigations. Thus 
further performance improvement o f the strongly filtered DPSK system might be inherent 
with Nyquist filtering (asymmetric Nyquist filtering).
The investigations here were implemented on a single channel system, the impact of 
crosstalk in a WDM or Hybrid system will degrade the system performance without 
additional innovative strategy to reduce the crosstalk. However in [8] SSB filtering was 
deployed at transmitter for 3 channel systems, and crosstalk penalty was significantly 
reduced. It will be essential to further investigate the impact o f offset filtering in a strongly 
filtered WDM regime with a similar strategy as deployed in [8] and for hybrid systems. The 
impacts o f  the novel filtering design on residual chromatic dispersions performance o f a 
DPSK system within a WDM environment could also be o f high interest.
Experimental investigations will also be needed to reaffirm the performance 
improvements o f asymmetric filtered 42.7Gb/s DPSK systems and the performance 
enhancements o f the novel filtering design as seen here via numerical investigations. Thus 
offset filtering o f DPSK signals in a 50GHz grid could provide a simple alternative to 
achieving 50Gb/s DPSK systems and/or lOOGb/s with polarization multiplexing.
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8.3: Conclusions and recommendations for improved performance of 40Gb/s 
DQPSK system in a 50GHz grid
The impact o f band limiting filtering, different filter shapes for a DQPSK system has 
been presented in this research and the results show that 40Gb/s DQPSK system is very 
toleramt to strong filter induced penalties. Thus compared to an equivalent DPSK system the 
impacct o f very narrow optical filters is as comparable to wide filters due to the symbol rate of 
the D»QPSK systems. The chromatic dispersion performance o f a 40Gb/s DQPSK system was 
investigated and the results showed a better tolerance compared to 40Gb/s DPSK system.
However the impact o f offset filtering o f 40Gb/s DQPSK system was also presented in 
chapher 4, the results showed a performance penalty as the filter central frequency is 
displaced away from the carrier frequency o f the channel. The offset filtering or laser 
frequency detuning was identified as one o f the major drawbacks o f the 40Gb/s DQPSK 
system, in that the system can suffer a 3dB penalty for an offset o f half the filter bandwidth 
for a typical 35GHz OBPF as compared to a performance improvement of an equivalent 
DPSKC system.
Thus aside from the relative OSNR penalty o f the DQPSK to a DPSK system, offset 
filterimg o f the OBPF or laser detuning could easily degrade the system performance despite 
the toderance to DQPSK system to linear impairments and its improved spectral efficiency. 
Thus a  novel offset filtering receiver design (same as the design in chapter 3) was deployed to 
investigate the impact o f offset filtering on 42.7 Gb/s DQPSK. The result showed a marginal 
penalty reduction as compared to the conventional DQPSK model.
8.4: Recommendations for 40Gb/s DQPSK systems in a 50GHz grid
Thie impact o f offset filtering on a 40Gb/s DQPSK system is not as interesting as the 
performance improvement seen with 40Gb/s DPSK system in a 50GHz grid. However a 
slightfy modified novel receiver design showed some very significant performance penalty 
reductions which would need further comprehensive simulations and experimental work to 
confirm the results for several optical filter bandwidths. The performance o f 40 Gb/s DQPSK 
systenn as shown in figure 4.3 thus shows with optimized Nyquist filtering that performance 
o f a very narrow filtered 42.7Gb/s DQPSK system could suffer lesser than ldB penalty with 
filter bandwidths lesser than symbol rate. Thus it could enhance lOOGb/s data rate at reduced 
symbo 1 rates for a DQPSK systems through polarization multiplexing.
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8.5: Conclusions and recommendations for improved performance of 40Gb/s Coherent
PSK system in a 50GHz grid
Optical coherent 40Gb/s PSK systems have been investigated with different filter shapes 
and bandwidth, and the results show a performance improvement over the 40Gb/s DPSK 
system (~2dB improvement) for medium to wider filters. But in the presence o f very strong 
filtering the performance o f both systems are very similar. PDPSK and offset filtering have 
been shown to improve the performance o f DPSK in strongly filtered regimes; consequently 
the impact o f offset filtering has been investigated in this research to seek for better tolerance 
to strong filtering imposed penalties in a 50GHz grid.
The offset filtering impact on strongly filtered 40Gb/s PSK shows performance 
improvements over the symmetric filtered case. This is not surprising as offset filtering has 
been shown to improve the performance o f different modulation formats ranging from OOK
[7] to DPSK [1, 2, 3, 6] systems in a strongly filtered regime. The exciting results with offset 
filtering of a strongly filtered 42.7Gb/s PSK system i.e. with ~5dB improvement in calculated 
Q values over the symmetric filtered case for an OSNR o f 16dB, is the main result for the 
performance o f strongly filtered PSK systems. Thus offset filtering o f a memory-less 
modulation format induces a memory modulation [12]. This process is not restricted to 
coherent PSK modulation format but as seen in [1, 2, 3, 6, 7] from different modulation 
formats that offset filtering leads to performance improvements over the conventional filtered 
modulation format, but this memory modulation is more enhanced via coherent detection 
PSK signals.
The impact o f chromatic dispersion was also investigated in a strongly filtered (35GHz) 
42.7Gb/s PSK systems and the results shows that contrary to the major investigated reports 
that the performance o f  an homodyne PSK offers better tolerance to chromatic dispersion 
compared to 42.7Gb/s DPSK systems. The result was presented with phase rotation o f the 
local oscillator’s signal and without phase rotation o f the local oscillator’s signal, thus the 
performance o f system with phase rotation showed significant performance improvement 
over the case without phase rotation and most importantly the optimized performance o f a 
strongly filtered PSK system is in the presence o f some chromatic dispersion rather than what 
is obtainable in most modulation formats where the zero dispersion performance is always 
the best performance compared to the performance in the presence o f chromatic dispersion.
This interesting results show the need for an efficient phase tracking in homodyne 
detection (which is quite difficult to implement in practical systems without transmission o f 
the residual carrier) and that there is a mutual compensation o f the filtering induced penalties
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in the presence o f some chromatic dispersions. This is accomplished by the phase rotation of 
the local oscillator’s signal being synchronised with the PSK signal and in the process 
compressing the broadened pulse due to dispersion, thus eventually compensating for the 
filtering induced I SI.
Interestingly the performance impact o f offset filtering on coherent PSK with balanced 
detection, constructive and destructive single-ended detection were further analysed in the 
presence o f ASE noise and chromatic dispersion. The result thus shows that for offset 
filtering the three detections offer similar performances, but in the presence o f chromatic 
dispersion the performance o f balanced detection largely outperformed the two single-ended 
detections.
8.6: Recommendations for 40Gb/s Coherent PSK systems in a 50GHz grid
The performance improvement evident in a strongly filtered 42.7Gb/s PSK via offset 
filtering could enhance the performance o f 50Gb/s DPSK in a strongly filtered regime despite 
the inherent limitations presented by the limited electrical bandwidths. Thus a numerical 
investigation will be needed to confirm the performance o f a strongly filtered 50Gb/s PSK 
system in a 50GHz grid, with Nyquist filtering and via polarization multiplexed 100 Gb/s 
PSK system within a 50GHz grid.
Some experimental investigations will be essential to confirm the performance trend of 
the offset filtered 42.7Gb/s PSK system as presented in this research with numerical 
investigations. The improved performance o f strongly filtered coherent PSK systems in the 
presence o f chromatic dispersion as presented here via numerical investigations calls for 
experimental confirmations. Importantly WDM transmissions over longhauls will be required 
with numerical and experimental investigations to quantify the impact o f offset filtering on 
WDM channel crosstalk and alternative techniques to minimize the crosstalk penalty will be 
required.
8.7: Conclusions and recommendations for improved performance of 40Gb/s 
Coherent QPSK system in a 50GHz grid
The performance o f coherent QPSK system has been examined at a data-rate of 
42.7Gb/s in a tight optical filtering regime (50GHz grid). The results, presented in chapter 6, 
show that coherent QPSK is more tolerant to optical filtering than DQPSK systems. The 
narrow optical filtering tolerance shown by the coherent QPSK signal makes it a very suitable 
candidate for >100Gb/s data rate deployment via polarized multiplexing. Although the
179
homodyne detection was deployed in this research investigation, the stringent requirement for 
hyrid phase lock loops (i.e. 90°) difference between the two demodulating local oscillator 
makes difficult to realise the fully improved performance benefit o f the system.
The tolerance o f a 42.7Gb/s QPSK system to optical filter offsets/laser detuning was also 
investigated without the impact o f DSP and the results show that the although the QPSK is 
slightly more tolerant to laser detuning/ frequency offset than an equivalent 42.7Gb/s DQPSK 
system, it is still more sensitive compared to 42.7Gb/s DPSK/PSK where performance 
improvements were realised above the conventional filtered case.
The chromatic dispersion performance o f a 42.7Gb/s QPSK system was investigated in 
this work without considering the impact o f DSP, and the results here shows that without a 
perfect phase lock loop the performance o f a strongly filtered QPSK system in the presence 
o f some chromatic dispersion may seem to be less tolerant compared to an equivalent 
DQPSK system. But if a perfect phase tracking is deployed with the local oscillator, then the 
performance o f the QPSK system clearly outperforms the DQPSK in the presence and 
absence o f chromatic dispersion by more than 2dB in calculated Q values.
8.8: Recommendations for 40Gb/s Coherent QPSK systems in a 50GHz grid
Further simulation work will be required to investigate the limits o f the homodyne 
detection o f  QPSK system relative to heterodyne detections within a strongly filtered regime. 
The impact o f Nyquist filtering on Coherent QPSK in a strongly filtered regime seeks for 
numerical investigations relative to the performance of bandpass filtering most especially in 
relations to offset filtering.
Also phase diversity homodyne QPSK system would be investigated within the context 
o f strongly filtered system. This is particularly attractive due to the fact that the phase 
diversity system does not require a phase lock loop compare to conventional homodyne 
system [14,15] and a smaller bandwidth relative to the heterodyne detection.
The phase-diversity homodyne system deploys a hybrid 120 degrees at the LO coupler 
relative to 90 degrees deployed for the conventional coherent QPSK, thus requiring a three 
branch balanced detection. Comprehensive experimental investigations are desirable within 
the context o f longhaul transmission for 42.7Gb/s QPSK system or higher data rates within a 
very narrow filtering regime (25GHz grid). Also the performance impact o f high multi-level 
signalling (6PSK, 8PSK, 12PSK etc) will also be investigated to seek for strategies that can 
enhance the inherent OSNR penalty.
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